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ABSTRACT 
Geochemical investigation of fumarolic and soil gases is a powerful tool for volcanic 
surveillance, for investigating the subsurface magma dynamics and for hazard assessment in 
volcanic areas. The development of theoretical models that describe in a consistent way the 
observed volcanic phenomena, as well as the design of pioneering analytical instruments for 
measuring the geochemical parameters sensitive to the magmatic processes occurring in the 
Earth interior, are of primary importance for identifying the precursor signals of future 
volcanic activities. 
In order to improve the tools for geochemical monitoring of the volcanoes, an automated 
system has been designed for measuring the H2 concentration and CO2 flux from both 
fumaroles and soils. The detection equipment of the H2-CO2 system consisted of the 
RewPower fuel cell and the Gascard II for measuring the H2 concentration and the CO2 flux 
respectively. 
The H2-CO2 system underwent the rigorous qualification procedure in laboratory and some 
preliminary in field-testing aimed to check the reliability, the accuracy and the efficiency for 
its effective application in volcanic areas. 
The promising results obtained from the tests supported the use of the automated system for 
H2 and CO2 continuous monitoring at two active italian volcanoes, Mount Etna and 
Stromboli. The measurements performed at both volcanoes have been focused to investigate 
the relationships between the time-changing fumarolic degassing and the variations of the 
volcanic activity. 
The results of the continuous monitoring carried out at Mount Etna showed that the main 
variations of both the H2 concentration and the CO2 flux preceded the changes of Etna’s 
volcanic activity that took place during the period of observation. The direct comparison of 
the data acquired by the H2 and CO2 continuous monitoring and the eruptive activity indicated 
that the H2 concentration peaks were correlated with the explosions occurred at Bocca Nuova 
crater throughout august 2010. The correlation suggested also the progressive approach of the 
gas-richer magma source to the point of measurement. 
The analysis of the data collected at Stromboli volcano, which has been made by using 
reliable models for describing the degassing process, provided a better understanding of the 
relationships between the variations of the fumarolic emissions and the volcanic activity. The 
high frequency variations exhibited by both parameters seem well correlated with Stromboli’s 
eruptive activity, typically time-changing on time scale of hours or days. Moreover, the 
investigations of the reciprocal relationships between both parameters allowed the evaluation 
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that the upper surface of the degassing source, from which the gas mixture containing H2 and 
CO2 begins to move through the porous medium, ranges between 2 and 4 Km within the 
volcano plumbing system, where a magma storage zone has been found by geochemical, 
volcanological, petrological and geophysical investigations. 
Furthermore, for both the monitored volcanoes, the results showed that the main changes of 
H2 concentration preceded systematically the CO2 flux ones, by exhibiting the typical sound 
of the H2 and CO2 continuous monitoring. This specific behavior has been described by 
formulating the theoretical model of the chemical composition transients of the gases emitted 
from fumaroles and soils. 
The model has been developed in this thesis for describing the compositional changes of the 
emitted gases according to the transport processes of advection and diffusion through the 
porous media. The hypothesis of the model is that the compositional variation of the mixture 
released from the underground reservoir causes the compositional changes of the surface 
emissions. 
The model provides the relationship between the depth of the gas reservoir, the flux rate of the 
gas mixture, the properties of the medium (porosity and permeability), the diffusivity of the 
considered gas species and the time between the beginning of the compositional disturbance 
at the bottom surface, that separates the medium from the reservoir, and his detection on the 
top surface. The results of this model assess that keeping constant the gas flux rate and the 
depth of the gas reservoir, the delay among the different concentration disturbances mainly 
depends from the different diffusivities of the considered gas species. 
In order to check the reliability of the theoretical model, several laboratory tests have been 
performed using the gas flux simulator, consisting of a column filled with volcanic sand. The 
tests have been performed with pure gases (CO2 and He) as well as with multicomponent 
mixtures (He – H2 – O2 – N2 – CO – CH4 - CO2), by setting the flux rate in a range far greater 
than the typical of soils and fumaroles. The tests results provided the time between the 
beginning of the compositional disturbance entering the bottom base and his detection at the 
top surface of the flux simulator, according to the flux rate of the gas mixture. Finally, the test 
results and the theoretical predictions have been compared in order to check the reliability of 
the model for describing the chemical composition transients of the gases emitted from 
fumaroles and soils of volcanic, geothermal and seismic areas. 
Based on the results achieved through the field experiences as well as from the formulation, 
the development and the experimental testing of the theoretical model of the chemical 
composition transients, this study provides the accurate description of a separation process, 
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made by porous medium, of the gas mixtures originally released from a deep gas reservoir. 
The investigation of this separation process, equivalent to a sort of natural chromatographic 
effect, enables better understanding the relationships between the variations of the soils 
degassing activity and the changes of the degassing dynamics occurring within the 
underground reservoirs. 
Roberto M. R. Di Martino – PhD thesis 
_______________________________________________________________________________________________________________________________________________________ 
4 
 
Chapter 1 
Introduction 
Since decades, geochemical monitoring of soil gases have been widely used as powerful tools 
for geothermal exploration (Badalamenti et al., 1984; Badalamenti et al., 1988; Bertrami et 
al., 1990; Finlayson 1992; Chiodini et al., 1998), oil and gas reserve exploitation (Gregory et 
al., 1985; McCarthy and Reimer 1986) and other applications such as volcanic surveillance 
(Sato and McGee, 1981; Baubron et al., 1991; Badalamenti et al., 1991; Valenza, 1994; 
Barberi and Carapezza, 1994; Giammanco et al., 1995; Giammanco et al., 1996; Diliberto et 
al., 2002; Granieri et al., 2009) and earthquakes prediction (Irwin and Barnes 1980; King, 
1980; Oskarsonn, 1984; Wakita et al 1980; Satake et al., 1984; Wakita, 1996; Kameda et al., 
2003; Salazar et al., 2002; Giammanco et al., 2006; Sugisaki et al., 1983; Sato et al., 1984).  
The gas produced or accumulated within a subsurface reservoir can escape toward the Earth 
surface, along preferential pathways such as fractures and faults of the Earth crust. Large 
amounts of gases are emitted through distinctive manifestations as volcanic plumes, fumarole 
emissions, geysers and thermal springs. Nonetheless, noticeably amounts of deep-seated gases 
enter the atmosphere through the soils surface by the process known as diffuse degassing 
(Valenza M., 1993; Giammanco et al., 1995 a, b; Diliberto et al., 1996; Aiuppa et al., 2004; 
Giammanco et al., 2007). Diffuse degassing received great attention in several applications as 
environmental science, geothermal and gas exploration and volcanological research, using the 
variations of the soil degassing anomalies to monitor the volcanic activity, namely throughout 
the transition from quiescent to eruptive conditions at dormant volcanoes (Badalamenti et al., 
1994; Giammanco et al., 1995; Giammanco et al., 1996; Barberi and Carapezza, 1994). 
Several gas species, as helium (He), radon (Rn), carbon dioxide (CO2) and molecular 
hydrogen (H2), have been studied and the relations with the reservoirs have been used to 
identify each species as best pathfinder of geochemical processes occurring in the Earth 
interior. In particular, several study results established that the focused CO2 emissions can 
reveal the occurrence of active fault system (Sugisaki et al., 1983; D’Alessandro et al., 1992; 
Klusman, 1993; Boubron et al., 1996; Giammanco et al., 1998). The spatial analysis of CO2 
flux distribution has been successfully used to identify the presence of tectonic structures 
buried by clastic or epiclastic sediments hided for the typical geological investigation 
(Giammanco et al., 1995; Lombardi et al., 1996; Azzaro et al., 1997; Giammanco et al., 1997; 
Ciotoli et al., 1998; De Gregorio et al., 2002; Giammanco et al., 2007). In regions where 
earthquakes are historically rare or potentially unknown, anomalous soil degassing may be 
used as a tool to identify the areas having higher potential seismic hazard. In particular, the 
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spatial distribution of both the H2 anomalies, produced by mechanochemical reaction between 
water and tectonically-induced fractures in rocks (Kita et al., 1982; Ito et al., 1999; Kameda et 
al., 2003), and CO2, produced by organic decomposition, has been used as powerful tool to 
mark the historically most active fault systems (Sugisaki et al., 1983). 
In volcanic and geothermal areas (Diliberto et al., 2002; Giammanco et al., 2000; Diliberto et 
al., 2000; Chiodini et al., 1998; Giammanco et al., 1998; Gerlach and Graeber, 1985; Gerlach 
et al., 2001), diffuse CO2 degassing shows wide spatial variability and time-changing 
fluctuations. Several authors focused their interest on CO2 since it is the most abundant gas 
species in volatile magmatic phase, after water. Moreover, carbon dioxide is the less soluble 
gas species in silicate magmas, attaining CO2 saturation at mantle to deep crustal level 
(Symonds et al., 1994; Giggenbach, 1996). As a consequence, large amount of CO2 are 
released from the magma bodies upon their ascent toward the surface, producing large soil gas 
anomalies that can be broadly acknowledged. 
Starting from the pioneering studies of Sato and McGee (1980), several researches on the 
geochemical monitoring of volcanic gases have been focused on the hydrogen species and its 
relationships with volcanic activity (Sato and McGee, 1980; Carapezza et al., 1980; 
Carapezza et al., 1983; Badalamenti et al., 1991; Giammanco et al., 1997; Melián et al., 
2002). H2 has low solubility in groundwater and both low and constant concentration in air 
(about 0.5 ppm vol.) resulting less affected by atmospheric contamination (Melián et al., 
2007).  
The researches in the field of geochemical monitoring of volcanic gases applied to the 
volcanic surveillance have been developed following two main branches. The first research 
line made progress on the development of theoretical models needed to better understand the 
connections between gas emissions and volcanic activity. The second one has been focused 
on thoroughly-researched and field-tested pioneering techniques for detecting, near the 
surface, the geochemical expressions of subsurface time-changing magmatic activity. Both 
the research lines converge into the achievement of the same goal: the development of 
accurate models needed to build cutting-edge geochemical monitoring systems, which enable 
the collection of accurate measurements. In turn, the reliable measurements allow the 
checking, the verifying and the perfecting of the model itself. 
In this thesis has been proposed a new device for continuous measurements of H2 
concentrations and CO2 flux from soils and low temperature fumaroles, aimed to monitor the 
volcanic activity. The hydrogen concentration has been measured through hydrogen fuel cell-
based H2-detector carefully prepared to perform the measurements in volcanic areas. The 
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hydrogen fuel cell operation has been checked through laboratory tests, allowing the 
investigations of the technical features of the H2 sensor. The results of this laboratory activity, 
preliminary to the measurements performed in volcanic areas, are shown in Chapter 2. The 
reliability of the sensor for the H2 concentration measurements in field applications has been 
checked at Solfatara di Pozzuoli area. The CO2 flux has been measured according to the 
dynamic concentration method (Gurrieri and Valenza, 1988; Camarda et al., 2006) using an 
I.R. spectrometer.  
The measurements of H2 concentration and CO2 flux have been performed through two 
different H2-CO2 continuous monitoring devices installed on Mount Etna and Stromboli 
volcanoes.  
Two different periods of measurements have been performed on Mount Etna: at Torre del 
Filosofo fumarolic field from the month of July to the October 2008 and at Belvedere 
fumarolic field from the month of April 2010 to September 2010. These field experiences can 
be considered really fruitful since allowed the qualification of the facility and the testing of 
the system efficiency. Moreover, it allowed the collection of preliminary and very promising 
results to understand the connection between the degassing activity from the fumarolic fields 
close to the top area of the volcanic pile and the volcanic activity of Mount Etna. 
The second field experience has been performed at the Pizzo sopra la Fossa, a fumarolic field 
on the top area of Stromboli volcano, using a new H2-CO2 system specially designed and 
tuned to perform the measurements in this area. In this thesis have been shown the 
measurements performed from the month of May 2009 to the October 2010 aimed to 
investigate the relationships between the degassing from the fumarolic field and the typical 
time-changing Stromboli’s volcanic activity.  
The results of these measurements have been shown and discussed in comparison with 
volcanic activity. Data acquisition on different volcanoes represents an initial step forward the 
development of reliable and innovative techniques dedicated to the study of volcanic systems 
as well as ultimately allowing the volcanic surveillance. 
The understanding of the connection between the gases emitted from the fumarolic fields and 
the volcanic activity, based on continuous and high frequency geochemical monitoring 
techniques, requires the investigation of the transport dynamics of a multicomponent mixture 
in multiphase system. One of the achievements of this thesis has been the development of a 
theoretical model of the chemical composition transients in the gases emitted from the 
fumarolic field. The model, based on the solution of the convective-diffusive gas transport 
equation, has been developed in order to describe the relationships among the chemical 
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composition of the surface gas emissions, the subsurface gas flow regime, the physical 
features of the porous medium and the depth of the gas reservoir.  
Finally, a set of dedicated laboratory tests has been performed to check the reliability of the 
proposed model, studying the limits of its validity by the comparison of the experimental 
results with the theoretical prediction.  
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Chapter 2 
Experimental detectors for H2 and CO2 monitoring 
 
Introduction 
One of the main goals of this thesis is the improvement of the detector and the techniques 
suitable for the monitoring the volcanic activity. 
Well performing detectors should be reliable in making the chemical composition analysis of 
the gas emissions, and moreover innovative techniques with high efficiency should be 
experienced. 
In order to achieve the goals proposed in this thesis, we associate the measurement of CO2 
flux from the soils and low temperature fumaroles with the measurement of H2 concentration.  
The association of the monitoring of an extensive parameter, such as the CO2 flux, with an 
intensive parameter, such as the H2 concentration, could greatly improve the understanding on 
the process correlating the surface fluid emissions, the chemistry of the fluid released from the 
magmas upon their ascent toward the surface and the volcanic activity. 
Among the ordinary monitoring techniques, the CO2 soil flux measurements are currently 
used in several fields of applications as in agronomy, in hydrocarbon exploration and 
volcanology. In volcanological research, the CO2 flux is one of the most promising tools for 
the monitoring of the volcanic activity, since the CO2 is one of the main not-condensable 
magmatic gas species. Furthermore, since the CO2 is the less soluble gas specie in silicate 
magmas, it is among the first gas released during the magma ascent toward the earth surface. 
In past years, several authors proposed the use of the monitoring of the reducing gas species 
concentration as well as the H2 one in order to monitor volcanic activity (Carapezza et al., 
1980; Sato et al., 1985; Sato and McGee, 1982; Wakita et al., 1980). The H2 molecular specie 
has noteworthy geochemical features such as the fast movement capability, both low and 
constant atmospheric concentration (0.5 ppm vol.) and low water solubility. Moreover, since 
its earth sources are exactly recognizable, for example the H2O-C mantle reactions, the H2O-
(Fe-bearing mineral) reactions in the eruptive magmas and the reactions involving the water 
and the active shear surfaces in the active fault systems, the H2 is considered a promising 
geochemical indicator of the process working into the earth crust. 
In this chapter we describe features of the H2-CO2 measurement system. In the first part, we 
illustrate the technical features of the fuel cell. The main part is dedicated to the description of 
the results attained through laboratory experiments suitably designed and performed in order 
to use the fuel cell as H2 sensor. Moreover, we describe the working principles and the 
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measurement methods of the experimental automatic permanent system used for the 
measurement of the H2 concentration and the CO2 flux in field applications. 
In order to design a device to monitor the hydrogen concentration in the gases emitted from 
the low temperature fumaroles as well as from the soils, we use a hydrogen RewPower fuel 
cell as the H2 sensor. 
 
Basic structure of the fuel cell 
The fuel cells are electrochemical devices commonly used to convert the energy associated to 
the chemical reaction of hydrogen in electric energy.  
Some details about the historical development of the fuel cell technologies are listed in 
Appendix 1. 
The three main components of a single fuel cell are: 
 the membrane-electrode assemblage (MEA); 
 the bipolar plates;  
 the seals.  
The MEA consists of the two gas diffusion layers (GDL), the two dispersed catalyst layers 
and the proton exchange membrane. 
The GDL allows the appropriate amounts of the reactants to reach uniformly the catalyst 
layers and the water produced by the cell reaction to leave the cathode, keeping anyway 
humidified the fuel cell membrane, preventing the electrode flooding. 
Often, the GDLs have carbon-based structure associated to PolyTetraFluoroEthylene (PTFE). 
The PTFE wet-proofing properties ensure that at least some of the pores of the carbon-based 
GDL are not blocked by water molecules that could prevent the rapid diffusion of the 
reactants toward the electrodes. 
Into the Proton Exchange Membrane fuel cells, the catalyst layer is the essential component 
enhancing the rate of the electrode reactions. Several fuel cells have catalyst layer made of 
Platinum or Platinum-precious metal alloys supported by carbon. The use of platinum or 
platinum-alloy decreases the poisoning of the active layers by the reactants. The carbon-based 
supports present several advantages such as the chemical stability, the electrical conductivity 
and the high porosity. The latter, enhances the rate of mobility of the reactant at the electrode-
electrolyte-reactant interface, named triple-phase boundary. Furthermore, the electrical 
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conductivity of the carbon enables the electrons produced by the hydrogen oxidation reaction 
to flow toward the bipolar plate.  
The bipolar plate accomplishes several functions into the fuel cells (Mehta and Cooper, 
2003): 
 represents the link between the inner side of the cell and the external one,  
 carries away the electric current from the half-cell toward the external circuit, 
 helps in the water balance management,  
 cools the half-cell and  
 distributes uniformly the reactants on the active catalyzed area. 
In order to accomplish these important functions, both the materials and the topologies of the 
plates become crucial features. The materials must satisfy: 
 chemical compatibility and resistance,  
 mechanical resistance,  
 electric conductivity,  
 low cost and  
 good gas conductivity. 
Also the device geometry is designed to improve the performance, i.e. the serpentine or 
interdigitated paths are used to improve the gas conductivity and as a consequence improves 
the catalyst efficiency. 
The innermost part of a single PEM fuel cell is the solid electrolyte membrane. According to 
Sakthivel and Weppner (2006) solid electrolytes present several advantages such as the direct 
use as half cells separator. Moreover, they do not dissolve the impurities of the gas mixtures 
and allow the manufacturing of miniaturized devices. 
In order to obtain the better features of proton conductivity and robustness, the industries 
proposed a variety of materials and manufacturing alternatives (Mehta and Cooper, 2003). 
The most popular material and commonly employed solid electrolyte into the fuel cell 
applications is the Nafion® membrane, the Dupont Co. trade mark of the perfluorosulfonic 
acid.  
Roberto M. R. Di Martino – PhD thesis 
_______________________________________________________________________________________________________________________________________________________ 
11 
 
The Perfluorosulfonic acid (CF2CFOCF2CFOCF2CF2SO3H) is a copolymer having elongated 
molecular structure made of three main parts (monomers). The first one is the backbone PTFE 
chain ensuring both the physical and the chemical resistance properties of the solid electrolyte 
membrane in both oxidative and reductive environments. The second one is the -O-CF2-CFO-
CF2-CF2- side chain linking the PTFE-like backbone to the third part which is the sulfonic 
acid ion cluster -SO3H.  
Depending on the chemical features of the monomers, the molecular structure of the 
perfluorosulfonic acid is made by one hydrophobic part, represented by the PTFE-like 
backbone, and by one hydrophilic part represented by the sulfonic radical. When the solid 
electrolyte membrane becomes hydrated, the sulfonic radicals tend to cluster forming a sort of 
channels framework. Through the channels, the protons linked to the water molecules are 
moving from one to one another sulfonic site. The moving process among the sulfonic sites 
gives rise to the proton conduction between the two electrodes of the cell. 
 
The chemistry of a fuel cell 
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Figure 1 The Single Proton Exchange Membrane Fuel Cell (PEMFC). The figure shows the main 
elements of a PEMFC and the chemical reactions occurring at the cathode side and at the anode side of 
ANODE CATHODE 
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the cell. The circle box shows the triple phase boundary (see text) and the designs not in scale of the 
proton exchange mechanism of the solid electrolyte membrane. The conductive carbone particles, the 
catalyst particles, the H2 molecules and the electrons are also pictured. 
 
The main chemical process in a fuel cell is represented by a redox reaction. In detail, two 
simultaneous half-reactions take place at the electrodes of the cell. An oxidation reaction (loss 
of electrons) occurs at the anode side while its counterpart, the reduction reaction (gain of 
electrons), takes place at the cathode side of the cell. 
Figure 1 shows a schematic view of a single hydrogen fuel cell. The anode and the cathode 
side of the cell are separated by the Nafion® solid electrolyte membrane allowing the protons 
ions linked to H2O molecules to be transferred from one electrode to the other. At the anode 
side of the cell, the H2 molecules come in contact with the thin platinum particles dispersed on 
the carbon-based electrode surface.  
At the anode side, the oxidation reaction do not occurs as far as the H atoms are linked in the 
H2 molecules. Therefore, the platinum particles form weak H-Pt bonds keeping apart the 
hydrogen atoms. Moreover, they catalyze the H oxidation occurring on the anode electrode 
surface according to the half-cell reaction: 
2 2 2H H e
  
     [1] 
The two electrons produced by the reaction [1] flow through the external circuit of the cell 
generating an electric current. At the same time, at the triple-phase boundary the H
+
 ions link 
the H2O molecules and move through the solid electrolyte membrane toward the cathode as 
H3O
+
 ions. In so doing, the protons leaved the platinum particles of the anode side free to 
catalyze the reaction of the next H2 molecule. 
Similarly, at the cathode side of the cell the platinum particles fix the weak bonds with the O2 
molecules, allowing the reduction of the oxygen atoms to take place. The half-reaction 
occurring at the cathode side is 
2
2
1
2
2
O e O  
     [2] 
Each oxygen ion combines with the two protons reaching the cathode through the solid 
electrolyte membrane and forms one H2O molecule. The reaction occurs by producing heat. 
Therefore, the overall redox process occurring into the cell is the inverse water electrolysis 
reaction 
2 2 2
1
2
H O H O 
     [3] 
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Summarizing, the working principle of the sensor is the oxidation reaction of the hydrogen 
contained into the gas mixture entering the anode side of the fuel cell (sensing electrode). The 
electrons produced by the reaction flow through the external circuit from the anode toward the 
cathode (counter electrode) generating an electric signal. 
In order to use the hydrogen fuel cell as an H2 sensor, we use the sensing electrode where the 
reaction [1] take place, meanwhile the cathode as the counter electrode, where the reaction [2] 
take places. 
 
Characterization of the H2 Sensor.  
The intensity of electric current, I, flowing through the external circuit of the fuel cell 
represents the signal of interest in our measurement, produced by the sensor and proportional 
to the hydrogen entering the anode. 
The electric I is measured by the voltage drop across the known electric resistor (R), 
according to the Ohm’s law 
V R I        [4] 
 
 
Figure 2 Schematic picture of the system used to perform the laboratory tests during the 
characterization of the RewPower Fuel Cell as H2 sensor for the concentration measurements. The 
figure shows the connection among the H2-containing tank entering the hydrogen fuel cell, the 
computer acquisition system and the air humidifier. The arrows point to the flux directions of both gas 
mixture and air. 
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The potential difference (V) is measured through the voltmeter connected in parallel to the 
resistor R. The electric signal was sampled at 1 Hz and recorded through the ADC-12 Picolog 
data logger connected to a computer and straight stored. 
Figure 2 shows the system used during the laboratory tests performed with the RewPower 
Fuel Cell. In the picture are shown the main hydraulic and electronic components. In order to 
optimize the water management of the sensor and to keep constant the water content of the air 
entering the fuel cell, the cathode side was connected to an air-humidifier. 
The gaseous mixtures with different hydrogen concentrations was produced into a tank by 
dilution of a standard laboratory mixture containing H2 (200 ppm vol.) and N2 (99.98% vol.) 
with air. The flux of the mixtures entering the anode of the fuel cell was known and 
maintained constant setting the fluxmeter at 0.25 l min
-1
. 
The optimization of the various parts was made by performing a set of complete tests and 
calibrations. The tests were performed at controlled temperature and pressure conditions with 
the aim to optimize both the performance of the fuel cell and the electronic equipments 
needed to transform the electric output produced by the cell into a sensitive and robust electric 
output signal. 
The figure 3 shows a typical measurement result of the concentration-signal tests.  
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Figure 3 The H2 concentration-signal tests. The record of a typical measurement result shows the 
transient state during which the differential potential increase until the attainement of the stationary 
maximum value. Since then, the differential potential remains constant. The maximum value attained 
in stationary state conditions is assumed as the signal of the sensor related to the H2 concentration into 
the gas mixtures. 
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The time zero represents the instant at which the mixture starts to enter the anode side of the 
cell by the opening of the tank stopcock. As can be seen, a few second later the potential 
difference measured at the ends of the resistor start to increase (transient state) until it reach a 
maximum stationary value. Each test was considered completed when the potential difference 
reaches the maximum stable stationary value within a few tenths of mV for several minutes.  
The achievement of the stationary value of the potential difference represents a dynamic 
equilibrium condition among the kinetic of the reduction reaction occurring at the cathode 
side, the protons flux through the solid electrolyte membrane and the kinetic of the oxidation 
reaction occurring at the anode side of the fuel cell.  
This maximum stationary value achieved by the potential difference (shown in the picture for 
times larger than 300 sec) is the signal of the RewPower fuel cell sensor proportional to the 
H2 concentration in the mixture. 
Several tests were performed in order to study the repeatability of the measurements, the 
resolution, the accuracy and the response time of the H2 sensor.  
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Figure 4 Six sequential repetitions of the concentration-signal measurement tests. The figure shows 
that maintaining constant the H2 concentration into the gas mixture entering the anode side of the cell, 
the maximum stationary value attained from the sensor remain constant. Between two subsequent 
tests, the anode side of the cell was flushed with air in order to eliminate the residual hydrogen on the 
catalyst layer. 
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Moreover a few tests have been designed to tune the best resistor value at the external circuit 
of the fuel cell. The test results obtained by changing the impedance of the circuit suggest that 
the best setting among resolution, response time and linearity of the signal is obtained with a 
500 ohm resistor.  
Figure 4 summarizes six repetitions of the test performed with the H2 (100 ppm vol)-air 
mixture. Between two subsequent tests with the H2-containing mixture, the sensor was 
flushed with air for several minutes to set the zero of the measurements corresponding to the 
absence of the hydrogen.  
Throughout the tests, the maximum stationary values remain stable due to the reproducibility 
of the redox process occurring at the electrodes: the largest difference recorded in the signal is 
of 1 mV on top of 16 mV suggesting that the performance error in the repeatability of the 
measurement (σ = 0.267) is within 3.4%.  
Figure 5 shows the time need for the sensor to achieve the 90% of the maximum stationary 
signal (T90) vs the H2 concentration in the mixture. The results achieved by all the tests 
reported into the figure show that the T90 is independent from the H2 concentration.  
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Figure 5 Relation between the H2 concentration into the mixtures and the T90. T90 is the time need 
for the sensor to achieve the 90% of the maximum stationary value. The T90 of the H2 sensor is 
independent from the hydrogen concentration in the mixtures and below 300 seconds. In almost all the 
cases reported, the T90 have high frequency in the range between 150 and 300 seconds.  
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Figure 6 Relation between the signal of the fuel cell vs the H2 concentrations into the gas mixtures. 
The gas mixture has been prepared by dilution of a laboratory gas mixture with H2 200 ppm vol in N2 
matrix with air. The figure also reports the fitting line of the tests investigating the H2 concentration 
range from 0 to 100 ppm vol. All the tests are performed at controlled temperature and pressure 
conditions. 
 
Moreover, it is also showed that the T90 of the H2 sensor was below 300 seconds and 
comprised in the range between 150 and 300 seconds in almost all the cases. Since the time to 
obtain the concentration measurement is longer than the T90, this result suggests that the 
reliability of the measurement performed with our fuel cell is achieved provided that the H2-
containing mixture enters the anode of the cell for a time longer than 300 seconds. 
A calibration of the H2-sensor has been performed to study the relation between the stationary 
sensor signal and the H2 concentration in the mixtures. Figure 6 shows the results of the tests 
in the operative conditions established by setting to 500 ohm the electric impedance of the 
circuit. In these conditions, a linear relation was found between the stationary sensor signal 
and the H2 concentration in the full range investigated. From the fitting line of all the tests we 
estimate that the sensitivity is 0.2 mV per ppm vol. of H2. 
In order to study the repeatability of the H2 concentration measurements relative to the 
variations of the environmental conditions, we repeated the tests in fairly the same 
temperature conditions, with a variation of the atmospheric pressure on the order of tenth of 
mbar. The signal values reported into the table 1 refer to the tests performed in the H2 
concentration range from 0 (air) to about 100 ppm vol.. 
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Table 1 Stationary maximum signal value. The maximum stationary signal of the sensor recorded 
through the test performed with H2-containing mixtures in the concentration range from 0 ppm vol. to 
100 ppm vol. The H2 concentration has been investigated with chromatographic analysis. 
H2 Concentration 
(ppm vol) 
Signal first test 
(Volt) 
Signal 1-day after 
(Volt) 
Signal 5-day after 
(Volt) 
    
13 0.0041 0.0040 0.0044 
24 0.0050 0.0054 0.0061 
34 0.0067 0.0065 0.0071 
45 0.0076 0.0075 0.0100 
53 0.0095 0.0092 0.0102 
64 0.0112 0.0114 0.0130 
75 0.0117 0.0118 0.0135 
84 0.0130 0.0130 0.0161 
92 0.0155 0.0155 0.0166 
105 0.0171 0.0172 0.0176 
 
The difference among the value recorded was less than a few hundredth of mV between the 
first two tests, while the signal difference between the first tests and the one performed 5-day 
later was about 10%. The measurements show a standard deviation of about 0.0010 V 
corresponding to the accuracy of the sensor in H2 concentration of ± 5ppm vol. 
The effect of the H2 flux value was evaluated through dedicated tests. The results reported 
into the table 2 show that the sensor signal obtained setting the flux of the mixture at 0.5 l 
min
-1
 is the same of the one recorded setting the flux at 0.25 l min
-1
. This flux values 
corresponds to the foreseen operational condition of the sensor in the field applications.  
The results show that the measurement is independent from the flux. This fulfilled condition 
is necessary to correctly evaluate the H2 concentration into the mixture. 
 
Table 2 Stationary maximum signal value. The table reports the stationary signal value obtained by 
changing the flux value with which the H2-containing mixture enters the anode of the cell. As reported 
in the table 1, the H2 concentration has been investigated with chromatographic analysis. 
H2 Concentration 
(ppm vol) 
Signal first test – flux 0.25 l min-1 
(Volt) 
Signal first test – flux 0.5 l min-1 
(Volt) 
13 0.0041 0.0041 
24 0.0050 0.0050 
34 0.0060 0.0061 
45 0.0072 0.0073 
53 0.0090 0.0090 
64 0.0114 0.0115 
75 0.0118 0.0118 
84 0.0130 0.0130 
92 0.0155 0.0154 
105 0.0171 0.0172 
123 0.0188 0.0188 
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Cross-sensitivities: influences of the H2 dilution matrix 
A relevant part of the characterization of the fuel cell as been done with the gas mixtures 
prepared by dilution of H2-N2 laboratory gas standard, using the air as dilution matrix. To 
verify the bias on the stationary signal value of the sensor, we performed some tests changing 
the dilution matrix of the H2-N2 standard.  
We carried out dedicated tests using H2-containing mixtures diluted with pure oxygen (O2 = 
99.99) and the results of the tests are showed in figure 7. 
The results of the test suggest that the stationary signal of the sensor shows a decrease of 
about 30% when the gas entering the anode of the cell is a mixture of H2 diluted with pure 
oxygen. We believe that this drop of the sensor signal is produced by the reduction of the O2 
molecules at the anode of the cell and by the consequently uncontrolled water-forming 
reaction between H2 and O2 at the anode of the sensor. 
Several tests were performed in order to study the reliability of the measurements of the H2 
concentration in the volcanic environmental conditions exposing the sensor to H2-containing 
mixtures diluted with carbon dioxide (CO2) matrix, since the CO2 is one of the main 
components of volcanic emissions. 
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Figure 7 Relation between the signal of the fuel cell vs the H2 concentrations into the gas mixtures. 
Blue diamonds refers to the test series performed with the mixture prepared by dilution of the H2-N2 
laboratory standard gas mixture (H2 = 200 ppm vol; N2 = 99.98 %vol) with pure oxygen (O2 = 99.99). 
For comparison, Red diamonds refers to the test series performed with the mixtures obtained by 
dilution of the same laboratory standard with air. 
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Figure 8 Relation between the signal of the fuel cell vs the H2 concentrations into the gas mixtures. 
Light blue diamonds refers to the test series performed with the mixture prepared by dilution of the 
H2-N2 laboratory standard gas mixture (H2 = 200 ppm vol; N2 = 99.98 %vol) with pure carbon dioxide 
(CO2 = 99.99). For comparison, Red diamonds refers to the test series performed through H2 mixture 
obtained by dilution of the same laboratory standard with air. 
 
Figure 8 shows the result of the five tests performed with the H2-CO2 mixtures compared to 
the six tests performed with the H2-air ones. Each test refers to the H2 concentration ranging 
between 0 (air) and 200 ppm vol. The results of the tests show an increase in the stationary 
signal of the sensor of about 10% by introducing the H2-CO2 mixtures. This bias as expected 
is smaller compared the oxygen effect. Moreover, as will be shown in the follow, a dedicated 
detector will be used to evaluate the CO2 amounts in field measurements. 
 
Cross-sensitivities: influences of other reducing gas species 
The chemical gas composition of low temperature fumaroles includes CO2 as dominant 
component together with other species as the methane (CH4), carbon monoxide (CO) and 
hydrogen sulphide (H2S) showing reduction capabilities. Since the fuel cell sensor may 
exhibit a response to the above mentioned reducing species, we performed several dedicated 
tests in order to evaluate their cross sensitivities on the stationary value of the H2-sensor 
signal. 
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Figure 9 Relation between the reducing specie concentrations into the gas mixtures vs the signal of 
the fuel cell. Yellow diamonds refers to the tests performed with pure methane (CH4 = 99.99 % vol.) 
and the mixture CH4-Air (CH4 = 100 ppm vol.). For comparison, the Red diamond refers to the test 
performed through H2 (100 ppm vol) mixture obtained by dilution of the same laboratory standard 
with air. The CH4 concentration of the mixture can be read on the left axis, while the H2 concentration 
on the right axis. 
 
Figure 9 shows the results of the tests performed using two mixtures containing respectively 
pure CH4 (CH4 = 99.99 % vol) and CH4-air (CH4 = 100 ppm vol). Into the same plot is also 
showed the sensor signal obtained using the H2-air mixture (H2 = 100 ppm vol). The results 
show that the sensor signal produced by the CH4-containing mixture is near 1mV, 
independently from the CH4 concentration. This effect is within the measurement error of the 
sensor. We believe that the absence of cross sensitivities respect the CH4 is due to the slow 
kinetic of the oxidation reaction of the methane at low temperature, even in the presence of 
the catalytic particles. 
The figure 10 shows the results of the tests performed using mixtures containing both the H2 
and the CO reducing species. The concentration ratio between CO and H2 was set equal to 1 
(CO/H2 =1) in all the test series. In the same plot, the sensor signal was compared to the 
results obtained using the H2-air mixtures. The tests show that the presence of CO introduces 
a 20% error on the H2 measurement.  
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Figure 10 Relation between the signal of the fuel cell vs the reducing species concentration into the 
gas mixtures. Green diamonds refers to the test series performed with (H2 + CO) reducing species in 
the concentration range 0-200 ppm vol. The concentration ratio CO/H2 =1. For comparison, the Red 
diamonds refer to the test series performed by using gas mixture containing only the H2 as reducing 
specie. 
 
For instance, by inserting the mixture containing 100 ppm vol. of both H2 and CO, we 
recorded a signal like to that produced by a mixture containing 120 ppm vol of only H2. 
However, in the volcanic emissions the typical concentration ratio between CO and H2 is of 
order of 1/100. Therefore, we believe that the error produced by the presence of CO into the 
gas mixture could be about 0.2%, a value within the error range affecting the H2 
measurement. Furthermore, the figure 10 shows that the slope of the trend line representing 
the five tests performed with the (H2+CO)-containing mixtures is fairly similar to the one 
representing the H2-containing mixture suggesting that the cross sensitivity remains constant 
in all concentration range investigated. 
The cross sensitivity effect can be produced by CO poisoning affecting the fuel cell systems 
and specifically through the coverage of reactive sites onto the catalyst layer. According to the 
studies on the poisoning produced by hydrocarbons-derived H2-dominant gas mixtures 
(Cheng et al., 2007 and reference therein; Schmittinger and Vahidi, 2008 and reference 
therein), the effect of CO on the Pt catalyst is reversible because the water vapour counteracts 
the coverage of CO supporting the oxidation of the CO to CO2.  
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Figure 11 Relation between the signals of the fuel cell vs the reducing specie concentration into the 
gas mixtures. Yellow diamonds refers to the test series performed with H2S in the concentration range 
0-50 ppm vol. Red diamonds refer to the test series performed using gas mixture containing only H2 as 
reducing specie in the concentration range 0-100 ppm vol. 
 
Therefore, we infer that the slight increase in the sensor signal recorded with the (H2+CO)-
containing mixtures was the result of the oxidation reaction of carbon monoxide molecules to 
CO2. 
The H2S is the main sulphur specie of the gaseous mixtures emitted from the low temperature 
fumaroles. The effect of cross sensitivity produced by the presence of H2S into the mixture 
entering the hydrogen sensor has been evaluated. The figure 11 shows the results of both the 
five tests performed with the H2S-containing mixtures in the range of the H2S concentration 
from 0 (air) to 50 ppm vol. as well as the tests performed with H2-containing mixtures in the 
H2 concentration range from 0 (air) to 110 ppm vol. The slope of the trend line is four times 
larger than the slope of trend line representing the test results of H2-air. The sensitivity of the 
H2 sensor to the H2S is evaluable in about 0.8 mV ppm
-1
 vol
-1
 suggesting, for example, that 
the presence of only 25 ppm vol of H2S produces a signal output of the same intensity of that 
produced by a mixture containing 100 ppm vol of H2 in air.  
In almost similar way to CO, the H2S prevents the oxidative reaction of the H2 molecules on 
the catalyst layer. Nevertheless, the reverse water electrolysis involves the sharing of two 
electrons, while the redox reaction affecting the S-containing species involves eight electrons, 
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providing an electric current of greater intensity for equal concentrations of the reducing 
species. Therefore, having the same electrical impedance of the external circuit, the sensor has 
four times sensitivity to H2S-mixtures larger than the H2 one, providing an account of the 
greater slope of the trend line showed in figure 11. 
During the laboratory experiments the original performance of the sensor can be recovered by 
air flushing. 
In field applications, to get read of this poisoning effect produced by the H2S on the catalyst 
layer and the cross sensitivity with the hydrogen sensor, the gas was sampled through a lead 
acetate trap. The trap was interposed between the probe and the sensor. Indeed, according to 
the reaction 
3 2 2 3( ) 2Pb CH COO H S PbS CH COOH    
the lead acetate allowed to cut the H2S concentration into the mixture. 
Summarizing the results of the laboratory tests showed above, we identify that among the 
reducing species investigated, the H2 fuel cell sensor has the main effect of cross sensitivity in 
the signal produced by the presence of H2S into the fumarolic emissions. 
 
The first prototype of a portable H2 measuring device 
In order to tests the performance of the H2-sensor in the volcanic areas and compare the 
reliability of the field measurements with the laboratory test results, a prototype of H2 detector 
Rew Power fuel cell-based has been designed. Besides the H2 sensor, an external circuit 
containing the 500 ohm resistor as well as one air-humidifier system and one lead battery 
were onboard the device. 
The air-humidifier system was connected to the cathode of the fuel cell with the aim to 
prevent the drying of the membrane (Figure 12) and to improve the water management of the 
cell. The lead battery feeds the membrane pump of the air-humidifier system. 
The measurements have been performed at Solfatara di Pozzuoli area. The measuring method 
was tuned to the field effectiveness conditions. The main difference compared to the 
laboratory test consists on the measurement of a fixed gas volume of 100 cc. The gas mixture 
was sampled with a syringe through a probe inserted up to 50 cm deep into the soil. 
The figure 13 show the straight calibration of the H2 portable device obtained by progressive 
dilutions of the H2-N2 standard mixture with air in the operative conditions mentioned above. 
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Figure 12 The H2-measuring portable device. The picture shows the RewPower Fuel Cell H2 sensor, 
the external circuit with 500 ohm resistor, the air-humidifier, the membrane pump and the power 
supply. 
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Figure 13 Relation among the signal of the sensor onboard the H2 portable device vs the H2 
concentration in the mixture. The last ones have been prepared by dilution of H2-N2 laboratory gas 
standard (H2 = 2000 ppm vol.; N2 = 99.8 % vol). It is also showed the equation of the fitting line used 
to change the voltage output recorded during the field measurements in H2 concentration of the 
mixtures. 
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One H2S-proper electrochemical sensor allowed measuring the H2S concentration in the 
sampled gases. The H2S concentrations spanned in the range between 1600 and 2000 ppm 
vol. In order to avoid both the poisoning effect produced by the H2S on the catalyst layer and 
the effect of the cross sensitivity with the hydrogen sensor, the gas was sampled through a 
lead acetate trap that allows cutting the H2 S concentration from about 2000 ppm to 4-6 ppm 
by the formation of the solid lead sulphide. 
The table 3 summarizes the measurements performed with the H2 sensor and the H2 
equivalent concentration evaluated in the field through the equation of the fitting line showed 
in the figure 13. 
 
Table 3 Summarization of the measurements performed at the Solfatara di Pozzuoli. The table reports 
the differential potentials recorded during the measurements and the equivalent concentrations 
calculated from the calibration line reported in Figure 13. 
 
Table 4 The table summarizes the chemical analysis of the gas sampled at the Solfatara di Pozzuoli 
sites.  
Sito 
 
He 
ppm 
H2 
ppm 
O2 
% 
N2  
% 
CO 
ppm 
CH4 
ppm 
CO2 
% 
TOT 
 
         
P-4 8 27 3,5 18,01 1,3 50 78,02 99,53 
P2Rif H2S 9 308 3,48 13,96 1,9 86 82,65 100,09 
P2 2H2S 8 273 5,53 21,98 3 79 72,74 100,25 
2P2 8 273 4,26 17,23 1,1 66 78,7 100,19 
 
In order to evaluate the reliability of the performed measurements, we collected several 
samples from the same sites of the field measurements. The Table 4 summarizes the chemical 
composition analysis obtained through the laboratory gas-chromatographic technique. 
The comparison between the evaluated H2 concentrations in the field (see third column in 
Table 4) and the chemical analysis suggests a good agreement of the measurements performed 
in the field with the hydrogen fuel cell sensor and the true concentration of H2 in the mixtures 
analysed. 
Site Signal (mV) Concentration  
P4 5.3 27.16 
P4 9.4 48.19 
P4 7.5 38.45 
P2 64 328.19 
P2 62 317.93 
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The automatic permanent device 
In order to improve the techniques of continuous geochemical monitoring of the volcanic 
activity, we combined both the continuous measurement of the H2 concentration with the CO2 
soil flux. Therefore, we developed a system that integrates one Gascard II spectrophotometer 
and the hydrogen RewPower fuel cell. The last component has been accurately characterized 
through rigorous laboratory experiments as H2-sensor. The association of both sensors allows 
the monitoring of a massive parameter, such as the CO2 flux, with an intensive parameter, 
such as the H2 concentration. 
The Gascard II spectrophotometer measures the CO2 concentration into the gas mixtures, 
while the fuel cell measures the H2 concentrations according to the detection features 
mentioned in the previous sections. In order to increase its H2-sensitivity, the device has been 
equipped with one linear amplifier of the electric signal of the H2 fuel cell sensor. Figure 15 
shows the result of the calibration procedure of the H2 sensor onboard the automatic 
monitoring device. 
 
 
Figura 14 Schematic view of the main components of the permanent H2-CO2 monitoring device.  
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Figura 15 Calibration line of the H2-sensor onboard the automatic device used to perform the 
measurements in the field. The standard mixtures are made by dilution of a H2-N2 mixture (H2 = 200 
ppm vol.) with air. The H2 signal is amplified and the concentration H2 = 0 ppm vol. give about 1 V 
signal. 
 
All the sensors onboard the automatic system were put into a proof-case together with the 
fluxmeter, T and P atmospheric sensors and one 100 A lead battery power supply. The latter 
attends to the electrical power required by  
 the Gascard II operation, 
 the H2-sensor amplifier operation, 
 the data logger 
 the membrane pump of the air-humidifier system of the H2 sensor and 
 the membrane pumps necessary for the automatic sampling of the soil gases. 
The Gascard II is an infrared spectrophotometer designed for the accurate and reliable 
measurement of the CO2 concentration. The sensor head is based on a technique that provides 
true, dual wavelength infra-red sensing with no moving parts. The result is a low drift, high 
accuracy sensor with fast response time and low power consumption. 
The working principle of the sensor is based on the property of the molecules to adsorb the 
electromagnetic energy. The adsorption occurs at the specific frequencies corresponding to 
the resonant frequencies of bond vibrations within the molecule itself. Therefore, measuring 
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at characteristic adsorption wavelength enables the detection of the target molecular specie 
and the strength of the adsorption gives a measure of the gas specie concentration. 
Since the CO2 has a strong adsorption frequency in the infrared range of the electromagnetic 
spectrum, the radiation source is a tungsten lamp emitting a broad band of radiation in that 
wavelength range. The radiation directs toward the gas in the sensing cell and then passes 
through two filters. The filters are selected so that one is coincident with the target gas specie, 
while the other one is independent of any gas likely to be present in the cell. In absence of 
target gas specie, the energy reaching both filters is equal and at maximum. As the target gas 
concentration increases into the detection cell, the amount of infrared radiation reaching the 
two detectors differs due to adsorption of one wavelength only. The microprocessor onboard 
the Gascard II provides the conversion of the energy difference recorded at the two detectors 
and the target gas concentration. 
The Gascard II onboard the H2-CO2 device has range of CO2 concentration measurement 0-
100 % vol. Its sensitivity is 16mV %vol
-1
, while the accuracy of the measurement of the CO2 
concentration is ± 2% of range. The repeatability at zero is ± 0.3%, while the repeatability at 
span is ± 1.5 %. Finally, the input voltage requirement is 24V dc and warm-up time is 1 
minute. 
 
Measurement methods 
The CO2 flux measurements were performed applying the dynamic concentration method 
proposed by Gurrieri and Valenza (1988) and accurately calibrated through a series of 
laboratory experiments by Camarda et al. (2006a). According to the authors, the 
measurements were performed by inserting a special probe up to 50 cm deep into the soil. 
Since the suction pump of the measuring device is set in action, the soil gases start to mix 
with the air entering through a calibrated opening made on the top of the probe. After a few 
seconds, the system attains a stationary state and the CO2 concentration into the mixture 
begins constant. In steady state conditions, pumping the gases at both known and constant 
suction flux rate, the CO2 concentration into the mixture made of soil gases and air (named 
CO2 dynamic concentration) is right dependent from the CO2 flux from the soil toward the 
mixing environment. 
According to Camarda et al. (2006a), the empirical relationship between the CO2 dynamic 
concentration and the CO2 flux is  
2
0.24 0.6 3(32 5.8 ) 6.3CO d dk C k C       
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where Cd is the CO2 dynamic concentration (% vol), φCO2 is the CO2 soil flux (kg m
-2
d
-1
) and 
k is the permeability (Darcy) of the soil. The permeability is measured in the field according 
to the method proposed by Camarda et al. (2006b). In order to obtain short response time and 
to limit the error made by the permeability of the soil, the best setting of the suction flux was 
obtained pumping the soil gases at 0.8 l min
-1
 (Camarda et al., 2006a). 
The H2 concentration measurements were performed inserting a special probe up to 50 cm 
deep into the soil, similarly to those of the CO2 flux measurement. Nevertheless, they differ 
since the probe for the measurement of the H2 concentration is atmosphere-proof at the 
summit. The probe is inserted in close vicinity of the CO2 flux measurement one. The soil 
gases entering the probe from the openings of its bottom are sucked by the membrane pump at 
0.5 l min
-1
. According to this sampling method, the soil gases are then analysed by the 
hydrogen fuel cell sensor. 
In order to perform the measurement with our automatic permanent device in low temperature 
fumarolic fields, some adjustments of the sampling method for the CO2 flux measurement has 
been done. In detail, we interpose a steam-condenser between the sampling probe and the 
spectrophotometer in order to prevent the water entering into the CO2 analyzing cell. 
Moreover, in order to prevent the cross sensitivity with the H2 concentration, a sulphur lead 
trap has been interposed between the sampling probe and the Fuel Cell H2 sensor. Figure 16 
shows the permanent H2-CO2 monitoring device and the sampling probe inserted into the soil. 
  
 
Figura 16 The automatic H2-CO2 monitoring device. The picture on the left shows the proof case 
containing the Gascard II spectrophotometer, the H2 sensor and the data logger. The hydraulic system 
need to sample the gas is also showed. The picture on the right shows the sampling probe inserted into 
the soil. 
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In order to obtain the H2 concentration and CO2 soil flux, the device performs a measurement 
cycle comprising three main time-intervals: 
 the warm up 
 the measurement 
 the purge  
The total time required for each measurement cycle is about seven minute. In field 
applications, the measurements were performed once per hour and straight stored on the solid 
memory of the data logger onboard the device. Once a day, the data pass toward the 
operative-room of the Istituto Nazionale di Geofisica e Vulcanologia (INGV-PA) trough 
scheduled radio or internet connection. Moreover, at any time of the day, it is possible the 
manual download of the data. In so doing, we have the possibility to process the data in near-
real time. 
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Chapter 3 
The applications of the H2-CO2 permanent device in volcanic areas 
 
Introduction 
Two H2-CO2 automatic permanent systems have been installed on Mount Etna and Stromboli 
volcano in order to study the relationship between the variation of the H2 concentration, the 
CO2 flux and the volcanic activity. 
The first part of the chapter is dedicated to the field applications performed on Mount Etna 
volcano. We summarize the main structural and volcanological features of the studied area 
through the existing literature. The data collected during last two years by the permanent H2-
CO2 monitoring device are shown and discussed. The recent volcanic activity summarized on 
the basis of the Istituto Nazionale di Geofisica e Vulcanologia (INGV) daily- and week-
bulletins and from direct observations performed by the authors has been reported in 
Appendix 2. 
The second part of the chapter is dedicated to the field experience performed at the island of 
Stromboli volcano. The data collected by the permanent system in this area has been 
performed for longer time compared to the experience made at the Etna volcano. As in the 
latter case the Stromboli data are shown and analyzed.  
The continuous monitoring of the gas chemistry and gaseous mass releases from volcanic 
areas allows improving our understanding on the magmatic degassing processes. Furthermore, 
the data analysis of the fluid dynamic can be helpful to match model interpretation with the 
volcanic activity in a consistent way.  
The H2-CO2 measurements performed in both volcanoes allow emphasizing the difference in 
the degassing features associated to the volcanic activity of two different basaltic volcanoes. 
Moreover, the acquisition of H2-CO2 measurements allows the validation of the theoretical 
model in different volcanological conditions. 
In this chapter we present and discuss the data acquired in the field throughout the last two 
years. 
 
Continuous monitoring of the H2-CO2 on Mount Etna 
Geological aspect 
The first field application of the H2-CO2 continuous monitoring device has been performed on 
the summit areas of the Mount Etna volcano.  
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Mount Etna is a complex strato-volcano which growth started about 500 ky ago with the 
sparse effusions of mainly tholeiitic products (Tanguy et al., 1997) inside a lifting 
sedimentary basin mostly filled with clay of Messinian age. Today, the mountain summit is at 
about 3300 m a.s.l. and Mount Etna results the highest European emerged volcano. Mount 
Etna is also the biggest volcano since covers an area wide more than 1200 km
2
 in the eastern 
side of Sicily Island (Italy) bounded between the Calabro-Peloritan arc at the north, the 
hybleian foreland at the south and the Ionian Sea at the east. From the geodynamics point of 
view, these areas represent the European and African convergent margin, the little deformed 
margin of African plate and the oceanic Ionian lithosphere respectively (Cannata et al., 2008; 
Giammanco et al., 1997; Patanè et al., 2006 and reference therein; Viccaro et al., 2010 and 
reference therein; Alparone et al., 2004). 
Two main structural regional trends affect the tectonic setting of the Etna area. The first one is 
the NNW-SSE trending structure dividing the western part of the volcanic edifice from the 
eastern one. This structure represents the northern extension of the Hiblean-Maltese scarp, 
reaching the fault systems of the Aeolian archipelago through the system of the Tindari-
Letojanni faults, having the same orientation NNW-SSE. The second regional structure is the 
NNE-SSW trending fault system of the Fiumefreddo-Messina line. 
Moreover, two locally important fault systems are the Pernicana fault, in the north-eastern 
sector of the volcanic edifice, and the Ragalna fault in the south one. 
 
 
Figure 1 Structural sketch map of the eastern Sicily. From Patanè et al., 2006 
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The Pernicana is among the longest fault systems of Etnean area trending WNW-ESE 10 Km 
long. In its outcropping area, take place high seismicity as well as high diffuse CO2 degassing 
(Azzaro et al., 1998; Giammanco et al., 1997). The Ragalna fault is a NNE-SSW trending 
fault system outcropping between Ragalna and Paternò towns. Both systems, but overall the 
Pernicana fault zone, showed strong seismic swarms before the onset of the past volcanic 
eruption of Mount Etna. 
 
The Volcanological framework of Etna volcano 
During the last 5000 years, Etna has been experienced persistent volcanic activity displaying a 
wide range of energetic as well as eruptive scenarios. The main part of the volcanic activity 
involved the summit areas of the volcano having four active summit craters whose altitudes 
range from about 3200 to above 3300. The Voragine (VOR) crater and Bocca Nuova (BN) 
crater are located in the central part of the summit area and are named terminal craters. The 
North-East Crater (NEC) is located on the north-eastern flank of the volcano and named 
subterminal crater (Alparone et al., 2004). The fourth is the South-East Crater (SEC) located 
on the southern flank of the volcano. The SEC is the youngest crater formed during the 1971 
eruption (Alparone et al., 2004). 
The different types of Etna’s volcanic activities should be summarized in: 
 Passive degassing, 
 Summit eruptions, 
 Flank eruptions and 
 “Eccentric” eruptions. 
The passive degassing indicates the fairly continuous emission of a voluminous gaseous 
plume from the summit craters of the volcano. The fairly quiet activity of passive degassing 
has great importance from both geochemical and environmental point of views. Through the 
passive degassing activity, Etna volcano emits a huge amount of volatile from the Earth’s 
interior into the atmosphere (Allard et al 2004.). According to Aiuppa et al. (2008), the total 
volatile flux emitted through the passive degassing activity from Etna’s summit craters is of 
order ~ 21.000 t d
-1
 and the study of the plume chemistry provides insight into the magma 
degassing processes (Aiuppa et al., 2007; Aiuppa et al., 2004; Aiuppa et al., 2002). The 
volcanic plume is mainly composed by H2O, CO2, SO2 and only to a limited extent even of 
H2S (Aiuppa et al 2005), changing from H2O-dominated to CO2-dominated before the 
eruptive periods (Aiuppa et al., 2008). 
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The emission of volatile compounds through the summit craters play a key role on the impact 
that the volcanic activity drives on the vegetation, the water resources and people living 
around the volcano edifices (Bellomo et al 2007; Bagnato et al., 2007; Martin et al., 2007).  
During the past, the summit eruptions of Etna volcano showed an extraordinary diversity of 
eruptive styles spanning from moderately quiet lava effusions and lava fountains through 
middle strombolian activity up to rare and more violent explosive sub-plinian eruptions. 
The summit eruptions involved all the craters allowing to the development of large cones. 
According to Allard et al. (2006), they occur simultaneously to the magma supply into a 
shallow magma storage volume located ~ 5 km b.s.l. beneath the volcano.  
Though the Etna is among the best known volcanoes on earth and among the intensively 
monitored, some key questions about its plumbing system remains still a matter of debate. 
Nevertheless, the occurrence of a shallow storage body at about ~ 5 km b.s.l. has been 
revealed by geophysical investigations (Murru et al., 1999) and allows explaining the 
petrological features of the volcanic products (Viccaro et al., 2010; Métrich et al., 2004; 
Tanguy et al., 1997). 
 
 
Figure 2 Mount Etna volcano view. The picture was taken near the Paternò town during the survey 
performed the April 2010. 
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Flank eruptions occur at Mount Etna volcano with time interval from a few months to several 
decades during which passive degassing activity or summit eruptions prevail. Most of the 
flank eruptions involved eruptive fractures developed in different sectors of the edifice, 
focusing mainly along the tectonic-volcanic structures propagating from the summit area 
toward NNW-SSE and NNE-SSW directions. According to Behnckle and Neri (2003), from 
the 1866 to the 2001 Etna volcano showed a progressively increase in the lava volumes 
emitted through the flank eruptions. The enhancing trend in the rate of energy release has 
been evident in the past century since a sharp increase in the comprehensive volcanic activity 
occurred after the 1950.  
Besides the eruptions of the XXI century, since 1669 one of the most voluminous flank 
eruptions (Calvari et al. 1994), emptying the shallow plumbing system below the volcano 
through flank eruptive fractures connected to their central conduit (Behncke and Neri 2003), 
occurred in 1991-1993 years.  
Several studies has been dedicated to the understanding of the flank eruptions of the Etna 
volcano, since both the large amounts of lava emitted as well as the likelihood opening of the 
eruptive fracture at relatively low altitude make this activity among the hazardous ones for 
thousands people living the slopes of the volcano. 
Several triggering mechanisms have been suggested for the flank eruptions, the main 
questions arising from the role played by the movement of the tectonic structures along which 
open the eruptive fractures. One of the plausible triggering mechanism, proposed on the base 
of seismic data acquired during the 2001 eruptions, consider a feedback process between 
magma intrusion and flank instability which result in a lateral draining of the magma from the 
central conduit system (Neri et al., 2005; Acocella and Neri, 2003; Behnckle and Neri, 2003).  
According to Rittmann, the term “eccentric” indicates a specific group of very rare eruptions 
of the Etna volcano fed by the conduits that are essentially different from the central ones. 
According to several authors (Behncke and Neri 2003; Neri et al., 2005), the volcanological 
and eruptive processes of the 2001 flank eruption differed from the previously ones, because 
it has been triggered by the upraising of an eccentric dike.  
Moreover, also during the 2002-2003 Etna showed several features similar to those of the 
2001 eruption. According to Behncke and Neri (2003) and Allard et al. (2006) the happening 
of such a wide range of volcanic activities does not occur randomly, but following cyclic 
sequences lasting from several decades to a few centuries. 
Several authors (Badalamenti et al. 2004; Giammanco et al., 1998 a-b; Azzaro et al., 1998; 
Giammanco et al., 1996 Giammanco et al., 1995; Valenza, 1994, 1993; D’Alessandro et al., 
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1992) reported high level of diffuse CO2 degassing throughout the peripheral areas of the 
volcanic edifice as well as the focused emissions of CO2 associated with other components 
such as CH4, H2 and He. Those emissions have been connected to the release of a gas phase 
CO2–rich from the deep feeding system of the volcano and have been used for monitoring the 
volcanic activity.  
The amounts of the gas released through the volcanic edifice could represent the remarkable 
part of the total gas phase released during the magma persistence within the plumbing system. 
According to Allard et al. (1991) the diffuse emission of CO2 from upper flanks of the Etna 
volcano are magma-derived and, at least during periods of lava effusions or during shallow 
magma ponding, the amount of the gases emitted are of comparable magnitude of those 
emitted from the crater plume. 
 
 
Figure 3 Gas emission from the peripheral areas of the Etna volcano edifice. The picture was taken 
near the Paternò town. The gaseous emissions water-bubbling are CO2-dominated and containing high 
concentration of CH4 and He. The monitoring of such emissions provide insight on the magma 
degassing process and helps in the forecasting the Etna’s eruptions. 
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Sampling sites of the permanent H2-CO2 monitoring device  
Throughout our observation period, we performed two prolonged experiences in order to 
collect the measurements with the permanent H2-CO2 monitoring system. According to 
Giammanco et al. (1998), during the 1994 - 1995 years the low temperature fumarolic fields 
located at the summit areas of the Mount Etna showed sharp variations of the H2 
concentration and CO2 flux preceding the beginning of strong volcanic activity at the summit 
craters of the volcano. 
We have choose to perform the H2-CO2 measurements of the gas emitted from the low 
temperature fumarolic fields located close to the SEC cone, which showed the strongest 
activity during the last Etna’s eruptions. 
The first long-lasting experience has been performed at Torre Del Filosofo. The measurement 
site is close to the SEC cone at about 2900 meters a.s.l. showing a low temperature fumarolic 
field. In that area were several eruptive fractures activated during the XX century eruptions 
(Alparone et al., 2004) and buried below recent pyroclastic deposits. The Figure 4 shows the 
map of the summit area of Mount Etna and the sampling point of the permanent H2-CO2 
device. 
 
 
Figura 4 Sketch map of south-eastern sector of Mount Etna Volcano showing the eruptive fractures 
activated during the XX century eruptions. From Alparone et al. (2004). 
Torre del Filosofo 
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Figure 5 Torre del Filosofo measurements site. The picture was took during the preliminary survey 
performed in order to find the sampling point of the H2-CO2 permanent monitoring device. The picture 
shows the portable devices to measure the H2 concentration (on the right) and the CO2 flux according 
to the dynamic concentration method (Gurrieri and Valenza, 1980; Camarda et al., 2006). The picture 
shows the sampling site chosen to perform the H2-CO2 measurements close to the road used by tourists 
to climb around the Torre Del Filosofo Crater. On the background the picture shows the SEC cone 
undergoing degassing activity. 
 
The sampling site of the gas of the fumarolic field was chosen after a short survey performed 
around the Torre del Filosofo area with the portable H2 device RewPower fuel cell-based 
showed in the previous chapter and the Infra Red Gas Analyzer (IRGA) Gascard II-based 
portable spectrophotometer. The survey has been performed in order to identify the best 
locations having: 
 from moderate to high amount of CO2 flux, 
 from moderate to high amount of H2 concentration and 
 low to moderate temperature of the subsoil. 
The last feature of the site is required to hold underground the case containing the permanent 
monitoring system, since high temperature could have detrimental effects on the electronic 
equipments. 
The Figure 5 shows the operations performed during the preliminary survey need for the 
installation of the permanent device at Torre Del Filosofo site.  
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The acquisition period of the H2-CO2 measurements began the 21 July and finished the 8 
October 2008 because the typical weather conditions on Mount Etna during the winter season 
prevented to climb on the summit areas of the volcano with the sufficient frequency need to 
perform the maintenance operations of the experimental H2-CO2 measurement system.  
The device battery lifetime and the non efficient GSM coverage of the site implied a 
periodical maintenance to recovery failing parts and to download the recorded data. 
Several efforts are planned in order to improve the system energy and power together with the 
wireless connection. 
One of the main goals of the field experiment performed a Torre del Filosofo site was to 
check the reliability of the measurements performed with the H2-CO2 system in the really 
long lasting conditions existing in the fumarolic environments. 
Since the 8 October 2008 the H2-CO2 system has brought back to the INGV-PA laboratories 
where re-validation tests of the sensors efficiency have been performed with laboratory gas 
standard containing H2 or CO2 and the results are reported into the table 1. The agreement 
between the concentrations of the H2 and CO2 species in the laboratory gas standard with the 
concentration readings made by both the sensors (H2 and CO2) suggest the goodness of the 
continuous measurement at Torre del Filosofo site. 
 
Table 1 Data of the laboratory tests performed after dismantle from TDF site of the H2-CO2 device 
aimed to verify the proper operations of both the sensors.  
H2 concentration 
Standard 
(ppm vol) 
H2-Sensor measured 
value 
(ppm vol) 
CO2 concentration 
Standard 
(% vol) 
CO2-Sensor 
measured value 
(% vol) 
 
0 
 
0 
 
0.045 
 
0 
200 198 3 2.98 
546 561 30 30.05 
1000 982 100 100.09 
 
Results and discussion I 
The main goal of the field experiments carried out at Torre Del Filosofo was to study the 
relationships between the variations of the degassing features of the fumarolic field and the 
volcanic activity occurring at Mount Etna.  
The variations of both the H2 concentration and the CO2 flux measured by the permanent H2-
CO2 monitoring system have been used to produce the data time series. Data analysis was 
performed by sorting the data in background and anomalous populations based on the 
cumulative probability plot (Sinclair, 1974) designed for CO2 flux and H2 concentration 
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values and comparing the variations in the range of anomalous values with the volcanic 
activity occurring at Mount Etna. At the same time, the correlation analyses were performed 
to verify the reciprocal relations among the monitored parameters.  
Table 2 collects the chemical analysis of the gas mixtures sampled from the fumarolic field 
during the periodical surveys carried out at Torre del Filosofo (TDF) site. A set of survey 
samples has been collected from the sampling site of the H2-CO2 system and inserted into the 
sample-holders to be analyzed through laboratory chromatographic techniques. Both the H2 
and CO2 concentration values were used to check the accuracy of the continuous 
measurements. 
The data acquired by the H2-CO2 system have been used to study the temporal variations of 
the chemical composition and the gas output from the TDF site and all the measurements of 
the H2 concentration, CO2 flux, case temperature and atmospheric pressure are reported in 
Figure 6. The Figure 6c and 6d shows the time series of the case temperature (T-Case) and the 
atmospheric pressure respectively, the last one beginning from the 16 September 2008. These 
parameters have been measured in order to evaluate the working conditions of the system. 
During the preliminary survey, the soil temperature of the TDF site was 42°C directly 
measured with a thermometer. As reported in the left side of the diagram, the starting T-Case 
was about 35°C showing sharp increase up to about 80°C during the weeks following the 
installation. The relatively high soil temperature (>80°C) has affected the battery lifetime 
producing an acquisition gap since the 14 August until to the 16 September when the H2-CO2 
device functionality was restored. 
 
Table 2 Chemical analysis obtained by chromatographic techniques of the gas sampled from the TDF 
fumarolic field during the surveys carried out to download the measurement performed with the H2-
CO2 permanent device. The gas samples were collected through the same probe inserted into the soil 
and used to perform the measurement with the automatic device and transported toward the INGV-Pa 
laboratory for the analysis. Each sample consists of ~ 20 cc of fumarolic gases. Zero indicates that the 
gas species concentration was below the detection limit (b. d. l.) of the chromatographic detectors. 
Date 
 
He 
ppm vol 
H2 
ppm vol 
O2 
% vol 
N2 
% vol 
CH4  
ppm vol 
CO2 
% vol 
21.07.2008 7 23 14.37 66.22 50 19.07 
22.07.2008 5 7 18.29 75.24 9 4.64 
09.08.2008 7 4 19.74 76.04 7 3.14 
26.08.2008 9 0 (b. d. l.) 15.06 65.29 44 19.15 
16.09.2008 6 6 18.92 75.89 43 4.95 
06.10.2008 6 8 16.31 76.54 38 7.08 
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Figure 6 Time series of the measurements performed by the permanent H2-CO2 device at Torre Del 
Filosofo (TDF) site. a) H2 concentration; b) CO2 flux; c) Case temperature; d) Atmospheric pressure. 
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The time series, in figure 6d, shows that the main changes of the atmospheric pressure 
affecting the monitoring system are in the range of a few tens of mbar.  
Beside the direct interferences on the measurement H2-CO2 device, these variations may 
produce pumping barometric effects on the soil gases in agreement with the variations of the 
weather conditions. The amplitude of these effects could be evaluated trough the correlation 
analysis between the atmospheric pressure and both the H2 concentration and CO2 flux data as 
will be shown later in this chapter. 
 
H2 concentration at Torre del Filosofo – Mt. Etna 
The figure 7 shows in detail the time series of the H2 concentration measurements. Within the 
plot are also superimposed with black diamonds the H2 concentrations measured, with 
chromatographic analysis, in the gas samples collected from the same sampling site of the 
automated system. The agreement between the concentrations measured with the two methods 
is a further validation of the H2-CO2 system performances. 
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Figure 7 Time series showing the H2 concentration measurement performed at Torre Del Filosofo 
since the 21 July 2008 until the 8 October 2008. During our observation period, the H2 concentration 
was below 40 ppm vol showing appreciable variations during the last weeks of July 2008.  
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The data indicate that the H2 concentration reached the maximum value of 39 ppm vol staying 
above the average value of 16 ppm vol. (standard deviation 5.3 ppm vol.) at least during all 
the two weeks following the installation of the H2-CO2 system. The figure also shows two 
secondary peaks in the H2 concentration, lasting several hours, included into a wider 
variability period beginning the 22 July until the end of July 2008. 
Small variations in the H2 concentrations have been recorded also during the second half of 
the September 2008, although their amplitudes changed into the error measurement of the H2 
sensor. 
In order to identify the anomalous values of the H2 concentrations, the data have been 
reported into the cumulative probability plot showed in figure 8. 
According to Sinclair (1974) any data set having polymodal distribution could be classified 
with their appropriate density distribution, each group showing straight line distribution on 
the probability plot.  
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Figure 8 Lognormal probability plot of the H2 concentration data measured at TDF site. The Ordinate 
axis shows the logarithm of the H2 concentration value, while the horizontal axis has probability scale 
type. Above the detection limit of the H2 sensor, the H2 concentration data have bimodal distribution. 
The higher group (anomalous population) having concentration values above 15 ppm vol represent the 
10% of all the measurement, while the lower group (background population) has concentration below 
10 ppm vol representing about 60% of the measurements. About the 30% of the measurements show 
concentration value below the detection limit of the H2 sensor. D.L. indicates the detection limit of the 
H2 sensor. 
Anomalous 
Background  
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Two populations of H2 concentration values representing about 70% of all the measurements 
could be identified above the typical detection limit of the RewPower Fuel Cell-based H2 
sensor (~ 5 ppm vol), while the residual 30% has values below the detection limit.  
The group of highest concentration values (anomalous population) represents about the 10% 
of all the data set having H2 concentration above 15 ppm vol., while the lowest group 
(background population) has H2 concentration values below 10 ppm vol and represents about 
the 60% of all the measurements data set. 
A comparison between the data classification showed on the probability plot and the time 
series of the H2 concentration suggests that anomalous H2 release occurred during the second 
half of July 2008 from the TDF fumarolic field. The others variations recorded until the 8 
October are included in the range of H2 concentrations typical of the background population 
of the gas emitted during the period of observation.  
The classification obtained from the probability plot allows doing an initial selection of the 
measurements before the correlation analysis with the others measured parameters. 
The comparison of the H2 concentrations with the T-Case and atmospheric pressure data 
allows the evaluation of the effects produced by the variations of the working and 
meteorological conditions on the measurements performed with the RewPower fuel cell 
sensor. Taking into account the detection limit of the H2 sensor, in the comparison are 
considered only the H2 concentration values above ~ 5 ppm vol.  
Figure 9 contains the correlation diagram between the H2 concentration values and the T-
Case. The analysis of the whole data set indicates moderate positive correlation with the case 
temperature having Pearson’s coefficient1 value of 0.748. 
 
                                                 
1
 The Pearson correlation coefficient is widely used as a measure of the correlation between two 
variables giving a value between 1 or -1 corresponding to data points lying exactly on a line, while 
value of 0 implies that there is no linear correlation between the variables. Other specifications 
regarding the Pearson’s coefficient are listed in Appendix 3. 
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Figure 9 Correlation diagram of H2 concentration measurements vs. the case temperature (T-Case). 
Considering the H2 concentration values above the detection limit of the sensor, a slight positive 
correlation is showed with the T-Case. Some groups of the data show larger dependence from the 
temperature, while the data below 10 ppm vol show independency from the T-Case. 
 
The selection of the measurements classified from the probability plot allows a more detailed 
analysis of the distribution of the H2 concentration values in comparison to the T-Case.  
As shown in the figure 9, the H2 concentration data below 10 ppm vol change independently 
from the T-Case showing sub-horizontal distribution parallel to the temperature axis. 
Above the threshold values of 10 ppm vol., can be identified four groups of concentration 
values having larger dependency from the T-Case. Each group forms concentrations trends 
ranging from the background toward the anomalous populations in the temperature intervals 
of about 10°C. 
As shown in the chapter dedicated to the technical features of the system, the characterization 
tests of the H2 sensor indicate that temperature variations of the order of 10 °C may produce 
10% error in the measurement of H2 concentration. Since the concentration measured there 
are larger than the 10% sensor error, can be hardly attributed to the temperature variations.  
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Figure 10 Correlation diagram of H2 concentration measurements vs the atmospheric pressure. The 
latter parameter has been monitored since the 16 September 2008. Considering the whole dataset, the 
measurements show a slight negative correlation described by the fitting line with the atmospheric 
pressure. 
 
Figure 10 contains the correlation diagram between the atmospheric pressure and the H2 
concentration. The figure shows that a large fraction of the measurements has sub-parallel 
distribution in comparison to the pressure axis and data fitting line shows negative slope and 
low value of the coefficient of correlation
2
 (R
2
 = 0.029).  
This distribution together with the negative Pearson’s coefficient of (r = - 0.1705) suggests 
that the whole data set of H2 concentration values have a slight inverse relation to the 
atmospheric pressure. A few other measurements scattering away from the fitting line are 
within the range of the typical measurement error of the sensor. 
The analysis of the data collected with the H2-CO2 device at TDF site suggests that the H2 
concentrations data may show in a limited extent dependency from both the temperature and 
the atmospheric pressure. However, the variations of the H2 concentration are wider than the 
                                                 
2
 In the case of linear regression, R
2
 is the square of the sample correlation coefficient between the 
outcome and the values being used for prediction, changing between 0 and 1. Other specifications 
regarding the coefficient of correlation are listed in Appendix 3. 
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typical errors affecting the H2 sensor and can be hardly attributed to the effects of both the 
working and meteorological conditions. 
 
CO2 Flux at Torre del Filosofo – Mt. Etna 
The Figure 11 shows the time series of the CO2 flux measurements. The data show that the 
average CO2 flux value measured until the 30 July 2008 was about 2269 gm
-2
d
-1
 having the 
standard deviations of 649 gm
-2
d
-1
 and range changing from the minimum flux value of about 
335 gm
-2
d
-1
 to the maximum of 5160 gm
-2
d
-1
. 
Starting from the 22 July, the CO2 flux showed well defined enhancing trend characterized by 
secondary peaks lasting several hours (from 20 to 50 hours). During the second half of 
September 2008 an increase in the CO2 flux attaining about 2727 gm
-2
d
-1
, has been also 
observed. Since the following week the CO2 flux sharply decreased, keeping the mean value 
at about 129 gm
-2
d
-1
 and slightly changing up to the maximum value of 211 gm
-2
d
-1
. 
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Figure 11 Time series showing the CO2 flux measurement performed at Torre del Filosofo since the 
21 July 2008 until the 8 October 2008. The CO2 flux values are given in g m
-2
 d
-1
. During our 
observation period, the CO2 flux was below 4000 gm
-2
d
-1
 showing appreciable increase during the last 
week of July 2008. The CO2 flux increase is also recorded during the second half of September 2008.  
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Figure 12 Lognormal probability plot of the CO2 flux data measured at TDF site. The Ordinate axis 
shows the logarithm of the CO2 flux value, while the horizontal axis has probability scale type. The 
whole data set shows three main groupings of the flux values, the higher one (anomalous population) 
having values above 650 gm
-2
d
-1
 represents the 60% of all the measurement. The anomalous flux 
values contain two sub-populations showing the highest values above 1500 gm
-2
d
-1
. The background 
population shows flux value below 150 gm
-2
d
-1
 representing about 35% of the measurements. A third 
population of intermediate flux values represents the residual 5% of the whole data set. 
 
In order to classify the measurements and separate the anomalous from the background 
values, the CO2 flux data have been reported into the cumulative probability plot showed in 
figure 12. 
The whole CO2 flux data set splits in three main groups. The highest CO2 flux population 
(anomalous) contains flux values above 650 gm
-2
d
-1
 representing about the 60% of all the 
measurements performed throughout the observation period. In each turn, the anomalous 
group contains two sub-populations showing the highest values above 1500 gm
-2
d
-1
 and 
representing about the 30% of all the recorded values. The background population shows flux 
value below 150 gm
-2
d
-1
 representing about 35% of the measurements, while the third 
population contains the residual 5% of the whole data set being characterized by intermediate 
flux values. 
A comparison between the distribution showed on the probability plot and the time series of 
the CO2 flux measurements suggests that the highest CO2 flux from the TDF fumarolic field 
have been recorded during the second half of July 2008 and only in a limited extent during the 
Anomalous  
Background  
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second half of September 2008. The comparison of the CO2 flux values with the T-Case and 
atmospheric pressure measurements allows the evaluation of the effects produced by the 
variations of the working and weather conditions on the sensor and the amplitude of the 
pumping effects that may be produced on the soil gases in agreement with the variations of 
the weather conditions. 
The figure 13 shows the correlation diagram between the flux values and the temperature. The 
analysis of the whole data set of the measurements suggests that the CO2 flux data shows 
positive correlation with the T-Case, since the fitting line has positive slope, the coefficient of 
correlation has intermediate value (R
2
 = 0.666) and the Pearson’s coefficient r = 0.816. Some 
groups of data make vertical trend that shows variations larger than three orders of magnitude, 
independently from the temperature variations. Such variations, which are larger than 
expected for temperature variations of about 10°C even in the areas where the organic 
decompositions occurs, can be hardly attributed to the temperature variations in the 
environmental conditions found at TDF site. 
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Figure 13 Correlation diagram between the CO2 flux measurements vs the case temperature (T-Case). 
The figure also shows that the CO2 flux value scatter away from the fitting line of the data suggesting 
larger variation independently from the T-Case. It is worth nothing that the CO2 flux shows variations 
of three order magnitude. Considering the whole dataset of the measurements, about the 20% shows a 
slight positive correlation according to the fitting line with the T-Case. 
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Moreover, two measurement groups having constant values of 100 gm
-2
d
-1
 and 900 gm
-2
d
-1
 of 
the CO2 flux are also reported, showing smaller variation despite temperature variations larger 
than 40°C. 
The comparison of the variations occurred in both the H2 concentration and the CO2 flux 
allows analyzing the degassing activity occurred at TDF site. 
The figure 14 shows the correlation diagram between the CO2 flux and the H2 concentration 
values. Taking into account the sensibility of the sensor, the figure contains the data above the 
H2 concentration value of ~ 5ppm vol. 
Within the dotted area reported in figure 14 are included the anomalous data of both H2 
concentration and CO2 flux in agreement with the classification resulting from the probability 
plot. The values of both H2 concentration and CO2 flux peaks are removed from the selected 
data, because the singularity of the maximum values may underestimate the average relation 
between the two parameters.  
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Figure 14 Correlation diagram between the CO2 flux and the H2 concentration measurements 
performed at TDF site. The whole dataset suggest low correlation between the two parameters. The 
data set values shows one main clustering areas in the H2 concentration range 10-25 ppm vol and CO2 
flux range 1500-3250 gm
-2
d
-1
 while the average value are H2 a = 11 ppm vol and CO2 f
 
a = 872 gm
-2
d
-1
 
respectively. 
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The selected data have low negative Pearson’s correlation coefficient (r = -0.484) and 
intermediate coefficient of correlation (R
2
 = 0.234) with the fitting line. Such distribution of 
the data suggests that when the H2 concentration reached anomalous values, two distinct 
behaviours have been showed by the CO2 flux.  
Peaks values (unselected data) show agreement between the H2 concentration and CO2 flux, 
while the other ones (selected data) show negative dependence suggesting that the 
geochemical signal obtained by the monitoring of the H2 concentration could be not standard 
correlated to the CO2 flux one. 
In order to identify the relation between the variations of the H2 concentration and those of the 
CO2 flux, the data have been processed and filtered from the interferences of environmental 
conditions according to the results obtained through their own comparison. The data 
processing has been done in MatLab environment using the Signal Processing tool (SPtool), 
considering the unprocessed data of the time series as digital signals and identifying the 
frequency variations through the Fast Fourier Transform (FFT) analysis.  
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Figure 15 Time series of the H2 concentration (red line) and CO2 flux measurements (blue line) 
performed at Torre del Filosofo site (Mount Etna volcano) since the 21 July 2008 until the 8 October 
2008. The figure contains the unprocessed data on the background while the relative processed data 
are superimposed. The data processing has been performed using the Signal Processing tool (SPtool) 
in MatLab environment. 
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The frequency bands identified in the H2 concentration and CO2 flux signals have been 
compared with the frequencies spectrum of the Case Temperature and the Atmospheric 
Pressure.  
The figure 15 shows the results of the data processing obtained from the time series of H2 
concentration and CO2 flux through lowpass four order stable filter using the zero phases IIR 
Butterworth designing method of the SPtool in MatLab environment. The results show that 
the general trends are unmodified, pointing out important differences in the time series of the 
H2 and the CO2 species, mainly throughout the second half of July 2008. In the left part of the 
diagram, the H2 concentration shows a wider climax containing two secondary peaks of 
amplitude larger than the sensor error in a general decreasing trend. The secondary peaks, 
lasting a few tens of hours, attain the culminations the 24 and the 27 July 2008 respectively.  
In a different way from the H2 concentration, the CO2 flux time series shows a general 
increasing trend, though two secondary peaks having amplitude of a few hundreds of grams 
up to squared meters per day are also recognizable. 
The climax of CO2 fluxes have been attained during the first hours of the 25 July and the 28 
July 2008, occurring a few hours later the H2 concentration ones. 
The data of the H2 concentration and CO2 flux recorded with the H2-CO2 system throughout 
the first experiment on Mount Etna volcano makes time series fairly narrow for correlating 
directly the degassing variations observed at Torre Del Filosofo site with the magmatic 
process occurring into the volcanic feeding system. Therefore, conclusions could be draft by 
comparing the variations observed on the monitored parameters with the volcanic activity 
occurred on Mount Etna throughout the period of observation. According to the INGV 
bulletins (31 July 2008 INGV-PA bulletin – see Appendix XX for more details), increases in 
both the CO2 concentration dissolved in ground-water and in the C/S ratio of the plume 
emissions have been recorded since the 25 until the 28 July 2008 suggesting a modest 
refilling process of the central conduits of the volcano during the ongoing 2008-2009 
eruption. 
Throughout the same period, remarkable variations of both the chemical composition and the 
mass output of the fluid emitted from fumarolic field occurred at Torre Del Filosofo, showing 
measurable variations of the H2 concentrations and the CO2 flux. The variations are identified 
by the peaks in the time series and according to their climax, the change in the chemical 
composition occurred a few hours before the increasing of the CO2 flux. 
The INGV-CT week-bulletins (7-13 September and 14-20 September) reports the 
enhancement of the passive degassing activity from the pit-crater opened at the base of the 
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SEC cone since the first days of September. In the second half of the month a variation of 
three orders of magnitude in the CO2 flux have been recorded at the TDF site during a phase 
of increasing degassing activity from the SEC cone. 
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Belvedere site 
The second H2-CO2 system has been installed at Belvedere site (BLV) on the south-eastern 
flank of Mount Etna volcano. This is a low temperature fumarolic field close to the SEC cone 
formed after the 1991-93 eruption where the eruptive fissure crossed the edge of the Valle del 
Bove (Pecoraino and Giammanco, 2005). The schematic map showing the south-eastern 
sector of Mount Etna volcano and the eruptive fractures activated during the XX century 
eruptions has been reported in figure 5 from Alparone et al. (2004). 
The H2-CO2 permanent monitoring system has been installed at Belvedere site since the 27 
May 2010 and the measurements reported here cover the period until the 8 September 2010. 
The sampling site of the gas released from the fumarolic field was chosen after a short survey 
performed around the Belvedere area with the portable H2 device RewPower fuel cell-based 
and the Infra Red Gas Analyzer (IRGA) Gascard II-based portable spectrophotometer, both 
showed in figure 12. As in the TDF site experiment, the survey has been aimed to identify the 
best locations showing: 
 intermediate CO2 flux, 
 from moderate to high H2 concentration. 
The overall aim of the experiment performed at Belvedere site was to study the relationships 
between the variations of the degassing features from the fumarolic field and the volcanic 
activity of Mount Etna. The variations of both the H2 concentration and the CO2 flux 
measured by the permanent H2-CO2 monitoring system have been used to produce the data 
time series. 
The cumulative probability plots (Sinclair, 1974) have been designed for both the CO2 flux 
and the H2 concentration measurements in order to sort the data in background and anomalous 
populations. The data analysis allowed the comparison of the variations of both parameters in 
the respective ranges of anomalous values with the volcanic activity occurred at Mount Etna 
throughout the period of observation. 
The data acquired by the H2-CO2 system have been used to study the temporal variations of 
both the chemical composition and the mass output from the BLV fumarolic field. The 
measurements of the H2 concentration and CO2 flux are reported in figure 16. 
The atmospheric pressure data for the observation period, reported in figure 16a), were 
obtained from the ECMWF (European Centre for Medium-Range Weather Forecasts) MARS 
archive under license from the Italian Air Force Meteorological Service and kindly provided 
by Dr. Liotta M. 
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Figure 16 Time series of the measurements performed by the permanent H2-CO2 device at Belvedere 
site (henceforth BLV). The data have been acquired since the 27 May until the 8 September 2010. a) 
Atmospheric pressure. b) H2 concentration. c) CO2 flux. 
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H2 concentration at Belvedere – Mt. Etna 
The figure 17 shows in detail the time series of the H2 concentration measured in the gases 
released from BLV fumarolic field. The average value of 15 ppm vol. has been recorded since 
the first week of June until the late July 2010, slightly changing within the range of 10 ppm 
vol. with daily frequency. The H2 diurnal variations show typically the lower values in the 
morning and the highest in the evening.  
Larger variations occurred since the late July 2010, when the relative maximum concentration 
of 50 ppm vol. has been measured. Moreover, several increases of the H2 concentration 
occurred throughout the second half of August 2010. In different way from the first increase, 
which persists about three days, the other increases observed since the 13 August 2010 have 
spike-like shape within the time series, resulting from rises of the H2 concentration that persist 
a few hours. The rises produce peaks of the H2 concentration reaching the maximum value of 
146 ppm vol., one order of magnitude larger than the average concentration of BLV 
emissions. It is worth noting that differently from the diurnal changes, these irregular 
increases occurred in the morning or in the afternoon, without any comparable peaks recorded 
in the evening. 
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Figure 17 Time series showing the H2 concentration measurements performed at Belvedere since the 
27 May 2010 until the 8 September 2010. During the large part of the observation period, the H2 
concentration was below 40 ppm vol showing large variations since the last week of July 2010.  
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Figure 18 Lognormal probability plot of the H2 concentration data measured at BLV site. The 
Ordinate axis shows the logarithm of the H2 concentration value, while the horizontal axis has 
probability scale type. Above the detection limit of the H2 sensor, the H2 concentration data have 
polymodal distribution. The highest group (anomalous population) having concentration values above 
40 ppm vol. represents the 1% of all the measurement, while the lower group (background population) 
has concentration below 15 ppm vol. representing about 89% of the measurements. The third group 
represents the 9% of the measurements data set having intermediate value between anomalous and 
background populations. About the 1% of the measurements show concentration value below the 
detection limit of the H2 sensor. D.L. indicates the detection limit of the H2 sensor. 
 
In order to distinguish the anomalous values of the H2 concentrations, the statistical-graphical 
analysis has been performed by reporting the data into the cumulative probability plot (Figure 
18). As mentioned before, according to Sinclair (1974) the data sets having polymodal 
distributions can be sorted according to their appropriate density distribution, since each 
group exhibits straight line distribution on the probability plot. 
Three populations of H2 concentration values representing about 99% of all the measurements 
data set can be identified above the typical detection limit of the Rew Power Fuel Cell-based 
H2 sensor, while the residual 1% represents values below the detection limit (~ 5 ppm vol).  
The group of highest values (anomalous population) represents about 1% of all the data set 
having H2 concentration above 40 ppm vol. The large part of the measurements (about the 89 
%) represents the background population having the average value of 15 ppm vol.  
Anomalous 
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Threshold value 
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Figure 19 Correlation diagram of H2 concentration measurements vs. the atmospheric pressure 
(obtained from the European Centre for Medium-Range Weather Forecasts MARS archive under 
license from the Italian Air Force Meteorological Service). 
 
A third group of measurements having intermediate “threshold” values between the 
anomalous and background populations, represents about the 9% of the measurements. The 
comparison between the data classification obtained from the probability plot and the time 
series of the H2 concentration (Figure 18) suggests that anomalous H2 release occurred mainly 
during the second half of August 2010 from the BLV fumarolic field. 
The probability plot allows a detailed analysis of the distribution of the H2 concentration data. 
According to the acquisition frequency of the atmospheric pressure data, the H2 concentration 
measurements have been resampled with 6 hour frequency. Both parameters have been 
compared in the correlation diagram showed in Figure 19. The figure shows that a large part 
of the background values has sub-parallel distribution in comparison to the pressure axis and 
negative slope of the fitting line. This distribution, which has low value of the coefficient of 
correlation (R
2
 = 0.179) together with the negative Pearson’s coefficient (r = - 0.416), 
suggests that the H2 concentration measurements have a slight inverse relationship with the 
atmospheric pressure.  
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Figure 20 Time series of H2 concentration (red line – filtered data) and atmospheric pressure (light 
blue line). The grey line shows the H2 concentration unprocessed data. 
 
The H2 concentration measurements hourly acquired by the H2-CO2 system have been 
processed according to the results obtained by the comparison with the atmospheric pressure 
and filtered from the interferences of working conditions. The data processing has been done 
in MatLab environment using the Signal Processing tool (SPtool), by considering the 
unprocessed data of the time series as digital signals and identifying the frequency variations 
through the Fast Fourier Transform (FFT) analysis. Two distinct digital filter (Bandstop direct 
form II filter structure, second order sections stable filter, IIR Butterworth designing method 
and Lowpass direct form II filter structure, first order section stable filter, IIR Butterworth 
designing method) have been designed and applied to the unprocessed data in order to remove 
the variations of the H2 concentration having daily frequency and the variations having 
frequencies higher than 3 hours. In this way the non-periodic variations are better detectable 
and could be more directly correlated with the changes of the volcanic activity. 
The time series reported in Figure 20 shows the temporal comparison between the filtered H2 
concentration measurements and the atmospheric pressure data. The monitored parameter (the 
H2 concentration) shows small variations around the average values of 15 ppm vol., despite 
the changes occurring in the atmospheric pressure, until the end of July. Pressure variations of 
comparable amplitude (about 10 mbar) occurred also throughout the following period, when 
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several variations of the concentration have been measured. Since the amplitude of the H2 
variations were larger than the typical error affecting the sensor, they can be hardly attributed 
to the cross sensitivities effects of the atmospheric pressure variations. 
 
CO2 flux at Belvedere – Mt. Etna 
The Figure 21 shows in detail the time series of the CO2 flux measurements. The data shows 
that the average CO2 flux measured until the 8 September 2010 was about 900 gm
-2
d
-1
 with 
standard deviations of 104 gm
-2
d
-1
 and ranging from 585 to 1200 gm
-2
d
-1
. 
Since the installation of the H2-CO2 system, the CO2 flux showed a general enhancing trend 
interrupted by several flux rate peaks persisting a few days on average. The trend of increase 
persisted until the late week of July, reaching the value of 1000 gm
-2
d
-1
. The following period 
has been characterized by moderate variations close to the average value of 900 gm
-2
d
-1
. 
The selection of the measurements aimed to distinguish the anomalous and background values 
of the CO2 flux emitted from the BLV fumarolic field has been performed through the 
statistical-graphical analysis reported in Figure 22.  
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Figure 21 Time series showing the CO2 flux measurements performed at Belvedere since the 27 May 
2010 until the 8 September 2010.  
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Figure 22 Lognormal probability plot of the CO2 flux measurements from BLV site. The Ordinate axis 
shows the logarithm of the CO2 flux value, while the horizontal axis has probability scale type. The 
higher group represents the 80% of all the measurements, while the lower group showing flux values 
below 692 gm
-2
d
-1
 represents about 7% of the measurements. The third group representing the 13% of 
the measurements shows threshold values between both populations.  
 
The probability plot is able to separate the data set of the measurements in the range of the 
lower values from the higher one according to the linearity of the distribution within the plot. 
Figure 22 shows three main data populations. The lower population represents about the 5% 
of all data set having the average value of 692 gm
-2
d
-1
 corresponding to the percentile of 1%. 
About the 80% of the measurements represents the highest population having the average 
value of 900 gm
-2
d
-1
 corresponding to the percentile of 75%.  
The data distribution suggests that the time average of the CO2 flux emitted from the BLV 
fumarolic field, at least throughout the observation period, is well represented by the average 
CO2 flux value of the highest population. The third population of threshold between the 
highest and the lower ones can be recognized in the CO2 flux data set and represents about all 
the remaining 19% of the measurements. 
The comparison between the statistical-graphical data analysis and the time series suggests 
that the BLV fumarolic field showed fairly constant the typical value of the CO2 fluxes since 
the second mid-July. The relative higher CO2 flux has been reached after an increasing trend 
observed since the installation of the H2-CO2 system. 
Anomalous 
Background 
Threshold 
Roberto M. R. Di Martino – PhD thesis 
_______________________________________________________________________________________________________________________________________________________ 
63 
 
876 880 884 888 892 896
Atmospheric pressure (mbar)
400
800
1200
1600
C
O
2
 F
lu
x
 (
g
m
-2
d
-1
)
 
Figure 23 Correlation diagram between the CO2 flux measurements and the atmospheric pressure.  
 
In order to both evaluate and correct the interpretations of soil gas anomalies by the effects of 
the variations of the working conditions, the comparison between the CO2 flux and the 
atmospheric pressure has been performed. A selection of the CO2 flux measurements has been 
done according to the availability of the atmospheric pressure data and the correlation 
diagram between both parameters was shown in Figure 23 
The CO2 flux data have Pearson’s coefficient r = -0.416 in comparison to the atmospheric 
pressure and low value of the coefficient of correlation (R
2
 = 0.173) of the fitting line.  
This distribution suggests that the variations of the CO2 flux could be affected by 
interferences with the variations of the atmospheric pressure. Since both parameters shows 
fairly similar relationship, the large drops in the atmospheric pressure can produce pumping 
effect on the soil gases resulting in false anomalies in the time series of the CO2 flux 
parameters. In the same way, the large increases of atmospheric pressure can hide the actual 
increases of the CO2 flux emitted from the fumarolic field.  
The CO2 flux data hourly acquired by the H2-CO2 system have been processed according to 
the results obtained by the comparison with the atmospheric pressure and filtered from the 
interferences of working conditions in MatLab environment, using the Signal Processing tool 
(SPtool).  
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Figure 24 Time series of CO2 fluxes (green line) and atmospheric pressure (light blue line). 
 
The data processing has been done using both digital filters designed and applied also to the 
H2 concentration unprocessed data (Bandstop direct form II filter structure, second order 
sections stable filter, IIR Butterworth designing method and Lowpass direct form II filter 
structure, first order section stable filter, IIR Butterworth designing method) in order to 
remove the variations having daily frequencies and the higher than 3 hours ones. The time 
series of the filtered CO2 flux and the atmospheric pressure are reported in Figure 24. 
As can be seen from the Figure 24, the largest atmospheric pressure variations have been in 
the order of 10 mbar. The temporal comparison between the CO2 flux time series with the 
atmospheric pressure shows that the large increasing peaks affecting the trend, having the 
average amplitude of about 100 g m
-2
 d
-1
, were synchronous with the larger atmospheric 
pressure drops. 
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Comparison between the monitored parameters and the volcanic activity 
The selection of the measurements performed trough the probability plot allows a more 
detailed analysis of the data set aimed to compare the distribution of the H2 concentration data 
according to the CO2 flux ones. The H2 data have been divided in background and anomalous 
populations and separately compared with the CO2 flux. The Figure 25 shows the correlation 
diagram between the H2 concentration and the CO2 flux.  
The H2 background has negative Pearson’s coefficient (r = - 0.248) and low coefficient of 
correlation (R
2
 = 0.062), while the Pearson’s coefficient and the coefficient of correlation for 
anomalous population is r = 0.187. 
The distribution of the data set showed in Figure 25 suggests that two distinct behaviours can 
be identified from the comparison of the H2 and the CO2 signals. The H2 concentration of the 
gas emitted from BLV fumarolic field are independent in comparison to the CO2 flux. 
Otherwise, they can show reciprocal inverse relationship and the anomalous degassing 
periods can be characterized by variations of both parameters having opposite sign. 
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Figure 25 Correlation diagram between the H2 concentration and the CO2 flux measurements 
performed at BLV site. The whole dataset suggest low correlation between both parameters.  
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Figure 26 Time series of the H2 concentration (red line) and CO2 flux measurements (green line) 
performed at Belvedere site (Mount Etna volcano) and the main volcanic activity occurred since the 
27 May 2010 until the 8 September 2010. The unprocessed data are reported on the background.  
 
The main goal of the experience performed at Belvedere was the study of the relationships 
between the variations of both mass output and chemical composition of the gas emitted from 
the fumarolic field and the volcanic activity occurring on Mount Etna. 
The figure 26 shows the time series of both the monitored parameters and the main volcanic 
activity recorded from the 27 May to the 8 September 2010. As can be seen from the figure, 
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the H2 concentration within the gases emitted from the fumaroles showed decreasing trend 
since the first week of June. Throughout this period the H2 concentration changed from more 
than 40 ppm vol. to about 10 ppm vol. fluctuating within the range of 20 ppm vol. with 
frequency of a few days. At the same time, the CO2 flux increases from May to the end of 
July. Since the first weeks of June until the end of July, the H2 concentration remained close 
to the average value of the background, slightly changing within a few ppm vol. 
According to the reports issued by the INGV, during this period Mount Etna has been 
characterized by passive degassing activity, having variable rate between the different craters. 
Besides the pressurized gas emission persisting a few minutes occurred the 5 July 2010 from 
BN crater, the volcanic activity has been characterized by pulsating emissions of dense 
vapour, mainly from the pit crater of the base of SEC cone. The passive degassing activity 
continued by showing almost unchanged features until the end of the month. 
The last day of July, both monitored parameters showed significant changes in their general 
trends. The H2 doubled the background concentration from 10 ppm vol. to about 20 ppm vol. 
maintaining this higher background almost unchanged throughout all the following period. 
From the 13 August 2010, sharp differences have been recorded by the H2 signal due to the 
sudden increases of the H2 concentration in the gases released from the BLV fumarolic fields. 
Each H2 concentration increase persisted a few hours producing the sudden variations of the 
H2 signal. The increases are expressed by the peaks showed in the H2 concentration time 
series (see Figure 26). Two following peaks are divided by a period of a few hours, during 
which background values of the H2 concentration has been measured within the gas mixture. 
The peaks in the H2 signal have been recorded with high frequency until the 23 August 2010. 
The last one occurred the 29 August 2010, after 6 days through which the H2 goes back to the 
background concentration. 
Interesting features have been observed also by the CO2 flux. The enhancing trend recorded 
until the end of June stopped and the CO2 flux persisted until mid-August, having constant 
average value of 800 gm
-2
d
-1
. A few days behind the change in the H2 concentration of the 13 
August, a renewed enhancing trend can be identified in the CO2 fluxes. The Figure 26 shows 
that the maximum of the enhancing trend can be placed between the 27 and the 31 of August, 
after which the CO2 fluxes showed a sudden decreasing trend. As reported before, the 
enhancing trend of the CO2 flux was affected by two sharp peaks synchronous with two 
variations of atmospheric pressure at which they can be attributed.  
Throughout the month of August 2010 Etna volcano showed increasing signs of unrest (i. e. 
deep-sealed explosions without emission of new eruptive products). Nevertheless, starting 
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from the last week of August 2010, explosive activity associated with ash emissions occurred 
at BN crater. The activity started the 13.09 h on 25 August producing a dark grey column 
rising about 1-2 km above the summit of Mount Etna. The column contained hot gases and 
fine-grained ashes having lithic nature in the large part with a fraction of fresh juvenile 
material. Further explosions, internal collapse and ash emissions occurred from the BN crater 
throughout the following days. 
Geochemical and geophysical investigations (Aiuppa et al., 2010; Marchetti et al., 2009) have 
previously pointed out a geometrical connection between the Etna’s central crater (Bocca 
Nuova and Voragine) and the South-East Crater, representing a geometrically secondary 
branch of the Etna’s shallow conduit system. According to Marchetti et al. (2009) this 
geometrical connection involves a switching behaviour mainly controlled by the change of 
gas/magma flux rate within the shallow conduit system. In particular, the central craters 
represent the preferential pathway for usual degassing activity, while the increasing rate of 
gas or magma supply above a threshold activates the SE crater degassing (Marchetti et al., 
2009). Aiuppa et al. (2010) integrated geochemical (CO2/SO2 ratio plume) and geophysical 
data (GPS, tremor source and long-period events) and evaluated between 1 and 2.8 km a.s.l. 
below the central craters the shallow magma storage before the SEC paroxysmal activity 
during 2007-2008. They recorded the decrease of CO2/SO2 ratio associated to the upward and 
eastward migration of source location of seismic tremor. These evidences indicated the 
magma migration from the storage zone below the central conduit toward the south-east crater 
a few hours or days before the SEC paroxysmal activities, according to the switching 
behaviour of the branched shallow conduit system activated by the structural control exerted 
from the eastern sector of Mount Etna (Aiuppa et al., 2010). 
Further hints on the relationships between the degassing activity and the dynamics involving 
the shallow volcanic conduits system can be drawn from the chronological correlation of the 
H2 peaks data and the explosive activity occurred at BN crater during the last week of August 
2010 (data obtained from INGV surveillance weekly bulletins). 
In detail, within the time series (Figure 26) can be identified eighteen H2 anomalous peaks 
correlated in time with the eighteen mains explosions. Therefore, the time interval between 
the first H2 peak and the explosion occurred the 25 august 2010 has been computed. Likewise, 
each following H2 peaks has been linked with the subsequent explosions, obtaining a series of 
eighteen delay data. 
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Figure 27 Relationships between the H2 peaks data and the order of occurrence of the main explosions 
at BN crater. a) H2 peak concentration. b) CO2 flux synchronous to the H2 peak. c) Dependence of the 
delay from CO2 flux data. d) H2 peak concentration in comparison to the CO2 flux. 
 
Figure 27-a shows the maximum H2 concentration measured at the H2 peaks without 
systematic temporal variations, while the Figure 27-b shows that the simultaneous CO2 fluxes 
have been fairly steady at the average of 900 gm
-2
d
-1
, suggesting that the measured delays are 
fairly independent from the CO2 flux (Figure 27-c). 
Moreover, the peak values of H2 concentration and the simultaneous CO2 flux data shows the 
typical independence (Figure 27-d). 
The most important outcome of this correlation consists on the average delay between the H2 
peaks and the explosive activity. Indeed, it has been computed the delay of 230 hours 
(standard deviation 49 hours), declining systematically from 294 to 147 from the first to the 
last explosive event (Figure 28).  
Since the time interval between the H2 anomalous release and the time-correlated explosive 
event may be somewhat revealing of the gas reservoir depth, the decreasing trend of the delay 
suggests a progressive decrease of the distance between the degassing source and the point of 
measurement.  
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Figure 28 Delay between the main explosions and H2 peaks reported according to chronological 
occurrence. 
 
A greater number of H2-CO2 systems at the summit area of the volcano could provide more 
accurate indications on the effective uprising of fresh and relatively undegassed magma batch. 
Moreover, the independence of the delay from the CO2 flux data represents further evidence 
that the impulsive H2 peaks may result from impulsive H2 releases from the magma batch 
upon its ascent toward the surface. 
In summary, since the 27 May to the 8 September 2010 passive degassing and explosions 
from the summit crater associated to ash emissions have been observed at Mount Etna 
volcano. The passive degassing prevailed throughout the months of June and July by showing 
variable intensity, while the crater explosions occurred during the last weeks of August. 
Throughout these periods, sharp differences have been shown from the CO2 flux and the H2 
concentration measurements. Until the end of July, the H2 persisted with limited variations in 
the typical range of the H2 concentration measured at BLV site. At the same time, the CO2 
flux showed slightly increasing trends persisting at higher relative values until mid-August.  
A few days before the unrest occurred from the BN crater, a sharp change has been recorded 
in the H2 signal due to several recurring changes of the H2 concentration in the fumarolic 
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emissions. The magnitude of the H2 concentration variations are an average one order of 
magnitude larger than the background value of the H2 concentration typical of the BLV 
emissions. Through the same period, the CO2 flux undergoes a sudden increase culminating 
between the 27 and the 31 August. After the last significant explosion occurred from BN (the 
09:31 h on 29 August), the H2 concentration showed the last larger variation (11:00 h on 29 
August) and a sudden decreasing trend started in the CO2 fluxes. 
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Continuous monitoring of H2-CO2 at Stromboli 
An H2-CO2 system has been installed on Stromboli volcano from May 2009. An improvement 
of the sensing equipments has been made in order to monitor the H2 concentration and the 
CO2 flux from two different sampling points. The main goal of the continuous monitoring 
experience on Stromboli consists on the investigation of the relationships between the 
degassing from the fumarolic field of the top area and the typical volcanic activity. 
In the following part of the chapter have been shown the results of the measurement 
performed from the 13 May 2009 to the 5 October 2010. 
 
Stromboli background 
Stromboli is the northernmost and recent island of the Aeolian archipelago (Italy) in the south 
eastern side of Tyrrhenian Sea. The island is the emerging part of a larger volcanic edifice 
reaching the elevation of 918 m a.s.l at Pizzo sopra la Fossa area from the base placed 2000 m 
b.s.l. The island of Stromboli was built through seven different phases (Paleostromboli -I, -II 
and -III, Scari, Vancori, Neostromboli and Recent Stromboli) characterized by long period of 
magma emissions leading to the growth of the stratovolcano, interrupted by lateral collapses 
affecting the western side of the volcanic cone.  
The edifice is composed by different volcanic products exhibiting a variety of petrologic 
features ranging from early erupted calc-alkaline (c. 160 ka) to shoshonitic composition 
magmas (Landi et al., 2006; Francalanci et al., 2004; Francalanci et al., 1989; Hornig-
Kjarsgaard et al., 1993). 
The island of Stromboli is oriented along the regional NE-SW structural trend affecting the 
south eastern side of Tyrrhenian Sea and representing the eastern branch of the Aeolian-
Tindari-Letoianni fault system (Ghisetti, 1979). Locally, the regional NE-SW fault system 
crossing the island represents an important discontinuity periodically injected from depth by 
the magma rising toward surface (Mattia et al., 2008).  
Stromboli is worldwide one of the most active basaltic volcanoes exhibiting the typical 
persistent activity that remained without significant variations over the past 1400-1800 years 
(Rosi et al. 2000). 
The recent activity of Stromboli takes place from three main vents open inside the crater 
terrace area placed at about 750 m a.s.l. within the Sciara del Fuoco, a horse-shoe depression 
resulting from large sector collapses affecting the northwestern flank of the volcano. 
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The typical persistent activity of Stromboli, for which the volcano is famous as “the 
lighthouse of the Mediterranean”, consists of mild explosions sustained for a few seconds (4-
30 s) occurring every 10-20 minutes.  
The products of strombolian explosions range from ash-dominated, through molten lava 
fragments to the incandescent partly degassed crystal-rich scoriae and bombs thrown up to 
hundred meters above the crater area. As a rule, the products fall within the crater terrace, 
reaching unusually the “Pizzo Sopra la Fossa” area. Strombolian explosions are associated to 
active degassing (puffing) originated from high frequency gas bursts (1-2 s) and passive 
degassing from the crater area. It is worth to note that the routine strombolian activity is an 
average behavior, being highly variable on timescale of hours or days. A few examples of 
such typical strombolian activities attracting thousands people to climb on top of the volcano 
are shown in Figure 29. 
 
 a) 
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 b) 
 c) 
Figure 29 The typical activity of Stromboli volcano. a) Strombolian explosion from the north crater 
typically molten lava containing. b) Strombolian explosion ash-dominated from south crater. The 
“puffing” activity occurring at central crater.  
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The magma overflow from the active craters typically produces effusive activity involving the 
crater terrace as well as the upper part of the Sciara del Fuoco for a few hours or days. On a 
larger timescale, effusive eruptions have also occurred at Stromboli, producing lava flows 
onto the Sciara del Fuoco, fast moving toward the sea. Several lava effusions, on average 
every four years, occurred at Stromboli since the 1888 (Aiuppa et al., 2010) and the largest 
ones originated from the vents opened a few hundred meters below the craters area. During 
last decades two lava effusions occurred from the 28 December 2002 to the 22 July 2003 and 
from the 27 February to 2 April 2007. It is worth nothing that, several millions of cubic meter 
of lava were emitted during the effusive phase with a rate of mass flux higher than the rate 
sustaining routine activity (Landi et al., 2009). 
The routine activity of Stromboli, as well as the effusive phases, can be interrupted by more 
energetic explosive events. Such more powerful blasts, occurring on average 0.5-3 times per 
years are usually called major explosions, throwing meter-sized ballistic blocks together with 
lapilli several hundred meters away from the crater area. The power and the unpredictability 
features make the major explosions among the most hazardous activities of Stromboli 
volcano, although they are less energetic than the paroxysms. 
The paroxysms are the most powerful eruptive activity exhibited by Stromboli, having the 
potential of affecting the inhabited areas of the island. The higher magma discharge rate 
characterizing the paroxysms led to the formation of thermal convective plumes of gas and 
ash, which rise up to 10 km above the summit of the volcano (Ponte, 1919). Since the 1874 
the frequency of paroxysm crises at Stromboli is of one event every 4-5 years (Barberi et al., 
1993). The last two paroxysmal explosions at Stromboli were on 5 April 2003 and on 15 
March 2007. 
According to Aiuppa et al. (2010), paroxysms are impulsive events consisting of synchronous 
explosions from different craters associated with the emission of vertical jets of gas and 
pyroclasts, evolving in short-lived convective eruptive columns. Paroxysms are characterized 
by the simultaneous emission of two magma types having slight different bulk composition, 
but contrasting textures and composition of the glass matrix (Bertagnini et al., 2008; 
Francalanci et al., 2004; Landi et al., 2009; Metrich et al., 2001; Pichavant et al., 2009). The 
first magma type is the black crystal-rich scoriae (often indicated in literature as high-
porfiricity magma, HP) representing the partly degassed shoshonitic basalt filling the 
shallower plumbing system of the volcano and sustaining the routine strombolian activity. 
The second type is a deeper (7-10 km of the source according to Métrich et al., 2010) volatile-
rich crystal-poor magma type emitted only during the paroxysm (Rosi et al., 2000; Métrich et 
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al., 2001, Francalanci et al., 2004; Bertagnini et al., 2008) as highly vesicular yellowish 
pumice (also called golden pumice).  
Among the typical activity, the CO2 flux from the soil represents a common phenomenon 
recorded on Stromboli volcano. Large amounts of CO2-dominated emissions have been 
noticed on Stromboli by several researchers (Carapezza et al., 2009; Cigolini et al., 2009; 
Carapezza and Federico, 2002; Finizola et al., 2003, Finizola et al., 2002; Capasso and 
Carapezza, 1994) along the NE-SW trending structure affecting the island. According to 
Carapezza and Federico (2000) about the 10% of the total CO2 output from Stromboli were 
represented by the diffuse degassing from the soil of the upper part of the volcanic edifice. 
 
Sampling site of the H2-CO2 permanent monitoring device 
Since the 13 May 2009 a new prototype of the H2-CO2 system has been installed on the 
summit area of Stromboli volcano. The main development concerned the sensor equipments, 
consisting of the H2 RewPower Fuel Cell-based sensor to measure the H2 concentration, two 
Gascard II sensors (both having the range 0-100 vol. %) to measure simultaneously the CO2 
flux from two different sampling sites according to the dynamic concentration method and the 
STS ATM/T pressure transducer for measuring the atmospheric pressure. Since the 27 April 
2010 the station has been equipped also with a thermo-resistor PT-100 to measure the case 
temperature. 
Before the installation, a detailed survey of the soil gases has been performed on the summit 
area of Stromboli volcano leading to the identification of the place showing the best condition 
to arrange the sampling points of the H2-CO2 system. The survey has been performed close to 
the Pizzo sopra la Fossa area moving away some tens of meters from the summit area, along 
NW direction. Several potential appropriate sampling points have been recognized through 
the portable H2 device RewPower fuel cell-based described in detail in the previous chapter 
and the Infra Red Gas Analyzer (IRGA) Gascard II-based portable spectrophotometer. 
Moreover, several dry gas samples have been collected from the more interesting points by 
inserting a probe up to 50 cm within the soil, stored within glass sample-holder and analyzed 
through laboratory gas-chromatographic techniques.  
The sampling point of the H2-CO2 device has been chosen in agreement with the following 
criteria: 
 from low to moderate CO2 flux (hereafter named CO2 L.F.) 
 from moderate to high CO2 flux (hereafter named CO2 H.F.), 
 from moderate to high H2 concentration. 
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PSF-a
PSF-b
 
Figure 30 Nasa Aircraft image of the western flank of Stromboli. Both the sampling points 
are indicated. 
 
The H.F. sampling site (hereafter PSF-a site) has been chosen close to the SC5 fumarole 
periodically monitored by the INGV-Pa staff (Figure 30).  
Both the H2 concentration and the CO2 flux (H.F. and L.F.) have been measured from the 
May 13, 2009. The H2-CO2 device is today operating on Stromboli, while measurements 
reported here cover the period up to the October 5, 2010. The measurements are collected 
hourly, stored within the solid memory onboard the station and daily radio transmitted toward 
the INGV-Pa monitoring room. 
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Results and discussion II 
The main goal of the field experiments carried out at Stromboli has been the investigation of 
the relationships between the variations of the degassing features from the fumarolic field 
close to the Pizzo sopra la Fossa area (PSF) and the time-changing persistent activity 
characterizing the volcano. 
Data analysis has been performed by sorting both the CO2 flux and H2 concentration values 
between background and anomalous populations on the basis of cumulative probability plot 
(Sinclair, 1974). The variations of both parameters in the range of anomalous values have 
been compared with the volcanic activity variations occurring on Stromboli throughout the 
sixteen months of measurements. At the same time, the correlation analyses were performed 
to verify the relationships among the monitored parameters, the atmospheric and the working 
conditions. 
Several periodic surveys have been performed at PSF site in order to collect a set of gas 
samples useful to check the correct operative conditions of the system and test the accuracy of 
the H2 concentration measurements. The gases have been collected in glass sample-holders 
and analysed in laboratory through gas chromatographic techniques in order to identify their 
compositions. The results of the laboratory analysis are collected in Table 3 
 
Table 3 Chemical analysis obtained through chromatographic techniques of the gas samples collected 
at PSF site fumarolic field during the surveys. The gas samples were collected through the same probe 
inserted into the soil and used to perform the measurement with the automatic H2-CO2 device and 
transported toward the INGV-Pa laboratory for the analysis. Each sample consists of ~ 20 cc of 
fumarolic gases collected with a syringe and inserted within the glass sample-holders.  
Date 
 
He 
(ppm vol.) 
H2 
(ppm vol) 
O2 
(vol %) 
N2 
(vol %) 
CO 
(ppm vol) 
CH4 
(ppm vol) 
CO2 
(vol %) 
12/05/2009 7 301 5.27 21.47 3.9 1.7 72.77 
16/06/2009 7 122 5.38 21.33 4.8 1.6 74.33 
23/07/2009 7 81 5.41 21.16 4.6 1.5 72.82 
27/08/2009 6 87 4.10 15.91 1.2 2.0 79.28 
28/10/2009 6 94 4.07 16.19 2.2 1.9 79.84 
19/01/2010 5 73 4.10 16.43 1.1 2.1 79.71 
25/05/2010 5 97 5.73 22.54 10.7 1.8 71.54 
13/07/2010 6 66 5.02 20.27 38.5 4.6 75.39 
12/08/2010 5 83 5.70 22.76 12.0 2.6 70.48 
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Figure 31 Time series of the measurements performed through the H2-CO2 permanent monitoring 
device at Pizzo sopra la Fossa (henceforth PSF) on Stromboli volcano. a) CO2 low flux (L.F.) time 
series, b) CO2 high flux (H.F.) time series c) H2 concentration the time series; d) Atmospheric pressure 
time series, e) Case temperature time series. The data have been hourly acquired from the 13 May to 
the 5 October 2010.  
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The measurements performed through the H2-CO2 system have been used to investigate the 
time-changing features of both the chemical composition and the mass output from the 
fumarolic field of the Stromboli top area. All the measurements of CO2 flux L.F., CO2 flux 
H.F., H2 concentration, atmospheric pressure and case temperature are shown in figure 31. 
The figure 31-e) shows the case temperature time series (T-Case) beginning from the 27 April 
2010 when the H2-CO2 system has been further improved by the temperature sensor. The T-
Case monitoring, together with the monitoring of the atmospheric pressure, allows better 
evaluating the effects of working conditions on the performances of the device. As can be 
seen from the figure 31-e), the temperature ranged from about 20°C to 45°C according to the 
average seasonal variations and heat output from the soil.  
The time series of atmospheric pressure (Figure 31-d) shows that the main variations affecting 
the monitoring system are in the range of a few tens of mbar. Beside the direct interferences 
on the measurement with the H2-CO2 device, these variations may produce effects of 
barometric pumping on the soil gases, in agreement with the variations of the weather 
conditions. The changeable extent of such interferences can be dependent from the 
peculiarities of the different sampling site (permeability, exposure in comparison to the wind 
direction). As will be shown later in this chapter, the main features of these effects can be 
evaluated trough the correlation between the atmospheric pressure and both the H2 
concentration and CO2 flux data. 
 
H2 concentration at Stromboli – PSF-a 
Figure 32 shows in detail the time series of the H2 concentration in the gases emitted from the 
PSF fumarolic field, measured since the 13 May 2009 to the 5 October 2010. The Figure 
shows that the H2 concentration ranged between 0 and 428 ppm vol. reaching the maximum 
during the month of May 2009. Throughout the observation period, the average H2 
concentration has been 74 ppm vol. having the standard deviation of 45 ppm vol.  
The most striking feature showed by the time series is the presence of several peaks sustained 
for short time interval during which the H2 concentration increases above the average value 
mentioned before. These sudden variations have produced the typical saw-teeth trend of the 
continuous H2 concentration measurements in the fumarolic emissions. 
The red diamonds superimposed on the time series indicate the H2 concentration measured by 
chromatographic techniques in the samples collected in the field (see Table 3). The agreement 
between both types of the measuring method represents a further validation of the good 
performance of the H2-CO2 system.  
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Figure 32 Time series of the H2 concentration measurements performed at PSF site (Stromboli) from 
the 13 May 2009 to the 5 October 2010 with the permanent monitoring H2-CO2 device (black line). 
The red diamonds show the H2 concentration measured by chromatographic analysis in the survey 
sample collected at PSF site. The time series shows the typical “sow teeth” trend produced by the 
sudden variation of the H2 concentration within the mixture emitted from the soil. 
 
It is worth noting that the average H2 concentration measured in the survey samples (122 ppm 
vol.) agrees with the average value of the measurements performed by the H2-CO2 system (74 
ppm vol.) in the limits of the respective standard deviations (69 ppm vol. and 45 ppm vol. 
respectively). The large number of data allows an improved statistical analysis and validation 
of the classification of the H2 concentration measurements performed at PSF-a site through 
the probability plots (Sinclair, 1974). This statistical-graphical method has been widely used 
to differentiate the values of any data set having polymodal distribution between anomalous 
and background populations. In so doing, each population can be identified according to their 
appropriate density distribution, since each of them shows a straight line distribution in the 
plot (Figure 33). 
The probability plot of H2 data set shows four different populations having values above the 
detection limit of the sensor (~ 5 ppm vol.). The background population, representing the 51% 
of the data set, shows value ranging from 42 to 63 ppm vol. Moreover, the average 
concentration of the background population (equals to 52 ppm vol.) can be read on the 30 
cumulative percentile of the probability axis.  
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Figure 33 Lognormal probability plot of the H2 concentration data set collected at PSF site. The 
ordinate axis reports the logarithm of the H2 concentration, while the horizontal axis has probability 
scale type. Above the detection limit of the H2 sensor (~ 5 ppm vol.), the H2 concentration data have 
polymodal distribution. The anomalous population, having H2 concentration values above 166 ppm 
vol., represents the 10% of all the measurements. The background population represents about the 
51% of the data set shows value ranging from 42 to 63 ppm vol. The threshold population represents 
the 31% of the measurements. A further population of lowest H2 concentration can be clearly 
identified below the 42 ppm vol. representing about the 8% of the data set, while the remaining 1% is 
represented by the measurements showing values below the detection limit of the H2 sensor indicated 
with the acronym D.L. above the dashed black line. The arrows indicate the threshold values allowing 
the data classification described before. 
 
The anomalous population represents the 10% of the data set having the H2 concentration 
from 166 to the maximum of 428 ppm vol. The average value of the range of anomalous H2 
concentration is 316 ppm vol. corresponding to the 99 cumulative percentile of the data set. 
The third population collects the measurements ranging between 63 and 166 ppm vol. 
representing the 31% of the data set. This “threshold” population has the average 
concentration of 100 ppm vol. corresponding to the 80 cumulative percentile. 
The left over 8% of the data represents the concentration values ranging from the detection 
limit of the H2 sensor (~ 5 ppm vol.) and the lower limit of the background population (42 ppm 
vol.) having the average concentration of 15 ppm vol. corresponding to the 6 cumulative 
percentile. 
Threshold values 
Background 
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The comparison between the data classification obtained by the probability plot and the H2 
concentration time series (Figure 32) indicate that the gas emitted by PSF-a site showed long-
lasting time periods characterized by steady H2 background concentration, slightly changing 
with daily frequency within its typical narrow range (42 to 63 ppm vol.). These steady 
conditions have been interrupted by sudden increases of the H2 concentration up to the 
anomalous values, often going back to the typical background within a few hours.  
Moreover, a well defined decreasing trend, although interrupted by several increasing peaks, 
can be distinguished from the end of June 2009 to the end of August 2009 when “threshold” 
concentrations have been measured. The high frequency variations recorded seems to reflect 
the typical variability on hours or days timescale of Stromboli’s activity. 
In a quite similar mode to the increasing events, but with a lower frequency, the H2 
concentration in the emissions from PSF-a site showed sharp variations between the 
background and anomalous population, going to the background values already within a few 
hours.  
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Figure 34 H2 concentration (black line) and atmospheric pressure (green line) time series showing the 
temporal variations of both parameters. The larger variations of the atmospheric pressure are in the 
range of 30 mbar and being measured in a time interval without any variations of the H2 concentration 
in the gas emitted from the PSF site. 
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Figure 35 Correlation diagrams between the H2 concentration and the atmospheric pressure values. a) 
All data set. b) H2 concentration measurements classified by the probability plot. Green diamonds 
indicate the lowest population of H2 concentration values, the yellow diamonds indicate the 
background population, orange diamonds indicate the threshold population and the light blue 
diamonds indicate the anomalous population. 
 
The temporal variations of the H2 measurements selected on the basis of the probability plot 
suggest that several changes, with high frequency, between background and anomalous values 
have been measured in the gas emitted from PSF site. The accurate interpretation of the soil 
gases anomalies needs to consider the effects produced by the meteorological conditions that 
may allow variable amounts of atmospheric air to enter the soils and affects the concentration 
of monitored gases. Figure 34 shows both the H2 concentration and the atmospheric pressure 
time series recorded at PSF site without any noticeably correlation between the main 
variations of the H2 concentration and the atmospheric pressure ones. Moreover, the absence 
of correlation between the variations of the H2 concentration and the atmospheric pressure 
appears also from the correlation diagrams reported in figure 35. 
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CO2 flux measured at Stromboli - PSF-b (L.F.) 
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Figure 36 Time series showing the CO2 flux measurement performed at PSF-a site (L.F.) from 13 
May 2009 to 5 October 2010. The CO2 flux values are given in g m
-2
 d
-1
.  
 
Figure 36 shows in detail the time series of CO2 flux measured at PSF-b site (hereafter CO2 
L.F.) from 13 May 2010 to 5 October 2010. The average CO2 flux value has been 6500 g m
-2
 
d
-1
 (standard deviation 3679 gm
-2
d
-1
) ranging from 161 g m
-2
d
-1
 to of 27023 g m
-2
d
-1
.  
The most striking features of CO2 L.F. time series are the long-lasting increasing trend 
affected by sudden variations of the CO2 flux.  
Several well defined trends can be distinguished on the time series producing variations of the 
CO2 flux larger than one order of magnitude from a few hundred up to thousands of gm
-2
d
-1
. 
The most evident trends are shown from May to June 2009, from July to August 2009, the 
large trend lasting from the month of September to December 2009 and from March to April 
2010. 
As has been shown for H2 concentration measurements, a widely used tool for the 
classification of any data set having polymodal distribution is the probability plot (Sinclair, 
1974).  
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Figure 37 Lognormal probability plot of the CO2 L.F. data set collected at PSF site. The ordinate axis 
reports the logarithm of the CO2 flux value, while the horizontal axis has probability scale type. The 
highest values populations, showing CO2 flux above 12590 gm
-2
d
-1
, represents the 10% of all the 
measurements. The lowest value population represents about the 10% of the data set showing CO2 flux 
below 2230 gm
-2
d
-1
. The threshold population represents the 80% of the measurements. The arrows 
indicate the threshold values allowing the data classification described before. 
 
The statistical validity of such analysis is enhanced by the large number of data. Three data 
populations of the CO2 L.F. measurements can be distinguished through the probability plot 
(Figure 37). The lowest values population, representing the 10 % of all data set, shows CO2 
flux value below 2230 g m
-2
 d
-1
 (average of 630 g m
-2
 d
-1
 corresponding to the 5 cumulative 
percentile), while the highest population shows values above 12590 g m
-2
 d
-1
 representing the 
10% of the data set. The average value of CO2 flux of the highest population is 19950 g m
-2
 d
-
1
 corresponding to the 99 cumulative percentile. It is worth nothing that only the 1% of the 
measurements show flux values above the mentioned average high flux.  
The threshold population has intermediate CO2 flux values representing the 80% of the data 
set showing the average flux value of 5620 g m
-2
 d
-1
 (52 cumulative percentile). 
The comparison between the CO2 flux measurements selected through the probability plot and 
the time series of CO2 L.F. (Figure 36) suggests that the highest CO2 emissions have been 
recorded during the periods between the month of October to December 2009, as well as the 
July-August 2009 and the March-May 2010.  
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Figure 38 Correlation diagrams between the CO2 L.F. and the atmospheric pressure values. a) All data 
set. b) Classified. The CO2 flux measurements have been classified according to the probability plot. 
Green diamonds indicate the lowest population of CO2 flux values, the yellow diamonds indicate the 
intermediate population and the orange diamonds indicate the anomalous population. 
 
Moreover, well defined enhancing trend can be distinguished throughout these periods 
changing the CO2 flux from the intermediate to the anomalous values. Since the threshold 
population represents the large part of the data set, the average value of 5620 gm
-2
d
-1
 can be 
considered a good approximation of the typical time average of the CO2 flux emitted from the 
PSF-b site.  
The comparison between the CO2 flux and the atmospheric pressure (Figure 38) indicates that 
no correlation is evident between both the parameters. 
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CO2 flux measured at Stromboli - PSF-a (H.F.)  
 
27/05/09 25/08/09 23/11/09 21/02/10 22/05/10 20/08/10
0
20000
40000
60000
80000
100000
C
O
2
 f
lu
x
 (
g
m
-2
d
-1
)
 
Figure 39 Time series showing the CO2 flux measurement performed at PSF-a site (H.F.) from 13 
May 2009 to 12 August 2010. The CO2 flux values are given in g m
-2
 d
-1
. Failure of the system 
occurred the 12 August 2010 prevented the following measurements of CO2 H.F. at PSF-a site. 
 
Figure 39 shows the time series of the CO2 flux emitted from the PSF-a site, the same 
sampling point where the H2 concentration has been concurrently measured. The average CO2 
flux recorded from the 13 May 2009 to 12 August 2010 has been 52670 gm
-2
d
-1
 (standard 
deviation 13245 gm
-2
d
-1
). It has been reached during the months of June 2009, after a 
noticeably increasing trend started at the end of the months of May 2009. Throughout the 
following period lasting until December 2009 the CO2 H.F. flux has been higher than the 
average value, showing a well defined increasing trend from the month of July to September 
2009. The measured CO2 flux ranged between the minimum of 337 gm
-2
d
-1
 to the maximum 
of 81795 gm
-2
d
-1
 reached the mid-October 2009, while from the month of November 2009 to 
March 2010 the CO2 flux changed around the time average of 51290 gm
-2
d
-1
. Since the month 
of May 2010 one of the larger increasing trends can be distinguished in the CO2 H.F. time 
series. As shown before for CO2 L.F., high frequency variations of the CO2 flux have been 
recorded also at PSF-a site, suggesting a positive correlation between the high frequencies 
time-changing features of the gas emitted from the top area of Stromboli and the high 
frequency variations exhibited by the volcanic activity. 
Roberto M. R. Di Martino – PhD thesis 
_______________________________________________________________________________________________________________________________________________________ 
89 
 
CO2 H.F. probability plot
Cumulative probability (%)
1 10 30 50 70 90 99 99.9
L
o
g
 C
O
2
 H
.F
. 
fl
u
x
3.8
4.0
4.2
4.4
4.6
4.8
5.0
 
Figure 40 Lognormal probability plot of the CO2 H.F. data set collected at PSF-a site. The logarithms 
of the CO2 flux values are reported onto the ordinate axis, while the horizontal axis has probability 
scale type. Three main populations can be distinguished, the lowest one collecting the values below 
38228 g m
-2 
d
-1
 representing about the 10% of the data set. The intermediate flux values represent the 
82 % of the dataset having values ranging from 38228 gm
-2
d
-1
 to 69855 gm
-2
d
-1
 representing the 
threshold with the highest population (8% of the data set). The arrows indicate the threshold values 
dividing the three data populations. 
 
The selection of the measurements has been done through the probability plot of the CO2 flux 
emitted from the PSF-a site, aimed to sort the data between anomalous and background 
populations. 
Three main data population can be identified within Figure 40. The highest population, 
collecting the anomalous flux values, corresponds to the 8% of the data set having the average 
CO2 flux value of 74700 gm
-2
d
-1
 (99 cumulative percentile). The intermediate population has 
average CO2 flux value of 57124 gm
-2
d
-1
 corresponding to the 58 cumulative percentile. This 
figure represents a good approximation of the time average of the CO2 flux emitted from the 
PSF-a site, since the intermediate population corresponds to the large part of the data set 
(82%). The left over 8% of the measurements represents the lowest population having the flux 
value below 38228 gm
-2
d
-1
 and the average of 17600 gm
-2
d
-1
 corresponding to the 4 
cumulative percentile. 
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The comparison between the data classification obtained from the probability plot (Figure 40) 
and the time series (Figure 39) indicates that highest CO2 flux has been measured at PSF-a 
site from July to October 2009 and from the end of March throughout the month of April 
2010. Between these periods the CO2 flux remained within the intermediate range, changing 
around the time average figure reported before. Moreover, throughout the observation periods 
several peaks, on the timescale of a few hours or days, changed suddenly the CO2 flux from 
intermediate to the highest values. According to several authors (Hinkle and Ryder, 1987; 
Hinkle, 1990; Hinkle 1994; Asher-Bolinder et al., 1990; Giammanco et al., 1995), the 
meteorological conditions can affect the gas transport process through the soils. Also the soil 
type (particle size distributions) can be accountable among the main factors affecting both the 
gas concentration and flux. In our case, the influences of the soil type have been neglected 
since the CO2 flux measurements, as well as the H2 concentration ones, refer to the same 
sampling point whose soil properties can be considered constant.  
The comparison between the CO2 H.F. and the atmospheric pressure parameter has been done 
for better understanding the variations of the CO2 flux measured at PSF-a site and to correct 
the interpretation of the soil gas anomalies from the interferences produced by the variations 
of the weather conditions.  
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Figure 41 CO2 H.F. flux (brown line) and atmospheric pressure (green line) time series showing the 
temporal variations of both parameters. 
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In so doing, the right interpretation of the CO2 flux anomalies allows better investigating the 
relationships between the variations of the gas emissions from the fumarolic field of the top 
area of Stromboli and the volcanic activity. Figure 41 reports both CO2 H.F. flux and 
atmospheric pressure time series. The figure shows that despite of largest variations in the 
atmospheric pressure, in the order of 30 mbar, recorded throughout the winter 2009, any 
noticeably influence have been observed onto the main trend of CO2 flux.  
 
Comparison between the monitored parameters 
In order to better understand the changes of degassing features observed at PSF-a site, the 
measurements of H2 concentration and CO2 flux performed through the H2-CO2 system have 
been compared through the correlation diagram reported in Figure 42-a. The data display a 
wide spreading (R
2
 = 0.045), suggesting that both parameters are largely independent. 
More interesting features can be highlighted following the data set classification obtained 
through the probability plot (Figure 42-b). The H2 concentration values in the range of 
intermediate and anomalous populations show inverse correlation (r = - 0.127) with CO2 flux 
values ranging within both the typical and anomalous populations (dark yellow diamonds).  
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Figure 42 Correlation diagram between the CO2 H.F. and the H2 concentration measurements 
performed at PSF-a site. Green diamonds indicate the whole data set (a and b). Dark yellow diamonds 
indicate the H2 concentration and CO2 flux values of intermediate and anomalous populations. The red 
and blue dashed lines indicate the threshold values individuating the anomalous populations of H2 
concentration and CO2 flux respectively. 
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Moreover, several times the H2 concentrations has been measured in the range of intermediate 
or highest values, while the corresponding CO2 flux values were in the range of background 
or the lowest populations. On the other hand, highest CO2 flux values (on the right side of 
blue dashed line) are mainly associated with intermediate H2 concentrations (on the right side 
of blue dashed line and below the red line). Nevertheless, one of the most distinctive features 
displayed in figure 42-b is the low data density that fall within the field defined by anomalous 
H2 concentration and anomalous CO2 flux (above the red dashed line and on the right of blue 
dashed line respectively), suggesting that anomalous H2 releases have been hardly ever 
associated to simultaneous highest CO2 emissions. According to the data distribution shown 
in Figure 42, the large independency of the H2 concentrations in comparison to the CO2 flux 
(CO2 H.F.) suggests that large anomalies of the chemical composition of the gas emitted from 
PSF-a site may be uncorrelated to synchronous anomalous gas output from the fumarolic 
field. 
The investigation of the relationships between the H2 concentration and the CO2 flux 
measurements allows better understanding the temporal variations of both the monitored 
parameters. In so doing, the significant changes of the degassing features of PSF-a site can be 
compared with the time-changing volcanic activity occurring at Stromboli. 
In order to identify the significant changes of the degassing activity, both the H2 concentration 
and CO2 flux (H.F. and L.F.) measurements collected hourly by the H2-CO2 system have been 
processed and filtered from the interferences of the working conditions and the atmospheric 
pressure. The data processing has been done in MatLab environment using the Signal 
Processing tool (SPtool), dealing the unprocessed data time series as digital signals and 
distinguishing the frequency variations through the Fast Fourier Transform (FFT) analysis. 
The frequency bands identified in the H2 concentration and CO2 flux signals have been 
compared with the frequencies spectrum of atmospheric pressure parameter. Two distinct 
digital filter (Bandstop direct form II filter structure, sixth order sections stable filter, IIR 
Butterworth designing method and Lowpass direct form II filter structure, tenth order section 
stable filter, IIR Butterworth designing method) have been designed, tuned and applied to the 
unprocessed data in order to remove the variations having daily frequency and the variations 
having frequencies higher than 2 hours.  
The processed data have been compared with the time-changing Stromboli’s eruptive activity, 
focusing on both the routine activity and the sudden variations occurred throughout the period 
of observation, represented by major explosions.  
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Figure 43 Time series of: a) H2 concentration (Black line – filtered data); b) CO2 H.F. (Blue line – 
filtered data). The major explosions occurred at Stromboli are also reported (red stars). 
 
As reported before, major explosions are impulsive events stronger than the typical 
strombolian explosions, associated with the emission of vertical gas jets and pyroclasts 
(Barberi et al., 1993). 
Besides the event of 5 May 2009, a few days before the installation of the H2-CO2 system at 
PSF site, throughout the sixteen months of H2 concentration and CO2 flux measurements 
occurred ten major explosions listed within Table 4, a figure larger than the average 0.5-3 
events per years typical of Stromboli’s activity. 
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Table 4 Major explosions (date and time) occurred on Stromboli volcano since the May 13, 2009 to 
the October 5, 2010. The events are indicated with red stars in Figure 41 and 42. 
Event Date Time - GMT 
1 July 14, 2009 20.09 
2 November 8, 2009 12:28 
3 November 24, 2009 11:20 
4 January 4, 2010 19:12 
5 January 10, 2010 14:48 
6 January 21, 2010 20:45 
7 March 12, 2010 07:57 
8 June 25, 2010 06:02 
9 June 30, 2010 16:33 
10 September 1, 2010 04:02 
 
As can be seen from Figure 43, at least seven on top to the ten major explosions [1 – 2 – 3 - 
(7) – 8 – 9 – 10 as listed in Table 4] were preceded by relative increases of H2 concentration 
within the gas emitted from PSF site and coupled, or right away followed, by relative 
increases of CO2 flux. The CO2 flux increases have been also observed from PSF-b site (CO2 
L.F. time series), where the CO2 flux showed large variations from the end of October to the 
end of December 2009 (Figure 44).  
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Figure 44 Time series of CO2 L.F. (Green line – filtered data). The major explosions occurred at 
Stromboli since 13 May 2009 are also reported (Red stars). 
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The synchronous variations measured on both site, far away some meters tenths along NE-
SW direction, suggests that the CO2 flux increases has been a widespread phenomenon 
occurred onto the top area of Stromboli during a period of significant increases of volcanic 
activity. 
Moreover the January 4 and January 10, 2010 events [4 – 5 in Table 4] were correlated with 
relative increases of CO2 flux above the typical time average value measured at PSF-a site, 
although small-scaled in comparison to the previously ones. Before or during these events the 
measurement system did not recorded any significant variation of the H2 concentration within 
the gas emitted from PSF-a site, while nothing can be said about the event occurred the 
January 21, 2010 due to the temporary failure of the H2-CO2 system. 
The key features of the time series shown in Figure 43 and Figure 44 that must be explained 
for better understanding the relationships between the gas emission from PSF site and the 
volcanic activity are: 
 the variations of both CO2 flux and H2 concentration associated to major explosions; 
 the wide variations of H2 concentration occurring during routine strombolian activity; 
 the fundamentally steadiness of H2 concentration between both large and narrow 
increases within the gas emitted from PSF site. 
One of the most striking features of CO2 is his low solubility in silicate melts, showing the 
attainment of CO2 saturation at mantle to deep crustal level. On the other hand, large amount 
of H2 can be produced through the water dissociation reaction at high temperature at relatively 
shallow depth (1-2 Km) where silicate melts attain water saturation. Petrological, geochemical 
and volcanological study (Aiuppa et al., 2010; Allard 2010; Métrich et al. 2010; Burton et al., 
2007) support the evidences that exolved CO2-rich gas bubbles coexist with LP magma at 
reservoir condition (7-10 km) on deepest Stromboli’s plumbing system.  
In order to understand the relationships between the degassing activity from PSF site and the 
volcanic activity, a remarkable feature is the occurrence of several peaks uncorrelated to 
major explosions. For this reason, the correct interpretation of our measurements requires the 
understanding of the relationships between the relative larger H2 peaks and the variations of 
routine strombolian activity. 
Although LP magma emission occurs only during the paroxysms together with the HP 
magmas (Bertagnini et al., 2008; Francalanci et al., 2004; Landi et al., 2009; Metrich et al., 
2001; Pichavant et al., 2009), Stromboli’s persistent activity behavior requires (Metrich et al., 
2009; Aiuppa et al., 2010): 
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 continuous magma supply, with some rate, from the deepest volcano plumbing system 
(7-10 km of LP magma source) also during the routine strombolian activity; 
 an effective process preventing the straight emission of LP magma and leading to the 
formation of the HP magma from the LP one. 
Petrological, geochemical, and volcanological data (Bertagnini et al., 2008; Francalanci et al., 
2004; Landi et al., 2009; Metrich et al., 2001; Pichavant et al., 2009; Burton et al., 2007; 
Metrich et al., 2009; Aiuppa et al., 2010) strongly indicated that a de-hydration (from H2O = 
2.5-3.5 wt% of LP magma to H2O =1.5 wt% of HP magma according to Metrich et al., 2009) 
CO2-mediated fluxing process (Spilliaert et al., 2006) coupled with extensive gas bubbles 
separation (Burton et al., 2007; Aiuppa et al., 2010) and large crystallization (Di Carlo et al., 
2006) trigger the transition from LP to HP magma at depth between 2 and 4 Km within the 
shallow Stromboli’s plumbing system.  
According to the degassing model proposed for Stromboli volcano (Aiuppa et al., 2010), the 
shallow plumbing system is persistently supplied, through the gas-melt separation occurring 
in the LP storage zone, by CO2-rich gas phase. Part of the CO2 reaching the shallow zone 
moves toward the surface through the discontinuities of volcanic pile, sustaining the 
degassing activity from the fumarolic field of the top area.  
The “excess degassing” (Shinohara, 2008) ordinary observed in the large part of basaltic 
volcanoes requires a convective system activated by the sinking of denser degassed magma 
and the consecutive uprising of the less dense volatile-rich magma. This overturning occurs 
with some rate depending on the relative ratio between volatile-poor and volatile-rich magma 
batches. In the Stromboli system, the change of the rate of magma supply to the shallow 
plumbing system implies the change of the ratio volatile-rich/volatile-poor magma suggesting 
that the increase of the CO2 flux emitted from the fumarolic field of the Stromboli’s top area 
may indicate the enhancement of volatile-rich magma supplied to the shallow volcano 
plumbing system.  
The de-hydration of LP within the magma implies that more moles of molecular water are 
able to generate large amount of hydrogen according to the dissociation reaction of H2O(g) at 
high temperature 
2 ( ) 2 ( ) 2 ( )
1
2
g g gH O H O
     [1] 
implying that  
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Since the H2 moves in silicate melts million times faster than O2 (Carmichael et al 1974), the 
de-hydration process would be linked to the start of hydrogen front from depth within the 
volcano plumbing system, fast-moving toward the earth surface (Nuccio and Valenza, 1993). 
At the same time, the redox conditions of Stromboli’s LP magma are well described by NNO 
buffer (fO2 given for LP magmas range between NNO + 0.2 ÷ NNO + 1 according to Métrich 
et al., 2010; fO2 ranging from NNO to NNO + 0.5 according to Di Carlo et al., 2006 and 
Pichavant et al., 2009). Regardless of the fixed redox state, the buffer properties within the 
silicate melts prevent large oxygen fugacity deviations from the conditions mentioned before, 
implying that the denominator of equation [2] is known and fairly constant. In this way, the 
fH2 is rightly dependent from the water amount exolved from the silicate melt. The larger 
amount of hydrogen released from magma batch, due to the de-hydration of LP at shallower 
level, can move through the discontinuities of the edifice together with the CO2-rich mixtures, 
reaching the top area of the volcano and sustaining the gas emission from the PSF site 
fumarolic field, where the gas are sampled. Steady-state continuous magma supply from 
depth, at a given rate, implies quite constant formation and next emission of hydrogen in 
accordance with the water dissociation reaction. As the result, the narrow range displayed by 
the background H2 concentration can be explained through the steady-state conditions of 
magma supply from the deep to the shallow Stromboli’s plumbing system. 
The increase of the rate of magma supply to the shallow plumbing system involves increasing 
rate of LP de-hydration (also increasing amount of CO2-rich gas phase is supplied from LP 
reservoir) enhancing the water availability within the system. As the result, the higher H2 
emissions corresponding to the large and intense peaks not associated to major explosions can 
be explained as an indicator of increasing amount volatile-rich magma supply to the shallow 
plumbing system synchronous to the routine strombolian activity. As mentioned before, 
routine activity is an average behaviour of Stromboli volcano, since the strombolian activity is 
highly time-changing in the period of days or hours. Indeed, an increasing rate of magma 
supply from depth can results in either the increases of the average number or the higher 
magnitude of strombolian explosions. 
The data obtained through the continuous monitoring of H2 concentration and CO2 flux 
interpreted through the degassing model recently proposed for Stromboli volcano (Aiuppa et 
al., 2010) allowed understanding some interesting relationships between the time-changing 
features of the gas emitted from PSF fumarolic field and the Stromboli’s routine eruptive 
activity. 
 
Roberto M. R. Di Martino – PhD thesis 
_______________________________________________________________________________________________________________________________________________________ 
98 
 
27/05/09 25/08/09 23/11/09 21/02/10 22/05/10 20/08/10
0
100
200
H
2
 c
o
n
ce
n
tr
at
io
n
 (
p
p
m
 v
o
l)
0
20000
40000
60000
80000
100000
C
O
2
 f
lu
x
 (
g
m
-2
d
-1
)
27/05/09 26/07/09
H2 peak
H2 peak
CO2 peak CO2 peak
 
Figure 45 Time series of H2 concentration and CO2 flux measurements showing the time-changing 
features of both monitored geochemical signals. Within the box are highlighted two of the main H2 
concentration changes preceding the change of CO2 flux from the fumarolic field of PSF-a site.  
 
Nevertheless, the direct comparison of both parameters allows a more careful analysis of 
time-changing features of both geochemical signals monitored by the H2-CO2 system.  
Figure 45 reports in the same graph the time series of H2 concentration and CO2 flux recorded 
at PSF-a site, showing that the large variations of CO2 flux have been preceded systematically 
by large H2 concentration variations. 
Moreover, Figure 45 also shows in detail (see box) two of the asynchronous variations 
observed throughout the 16 month of continuous monitoring on Stromboli volcano, focusing 
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the delay between H2 and CO2 peaks. These peculiarities can explain the very low density of 
measurements in the field defined by anomalous H2 concentration and anomalous CO2 flux, 
representing one of the most distinctive features exhibited by the correlation diagram of both 
measurements (Figure 42). The delays between the H2 concentration and CO2 flux peaks 
ranges from several hours to days up to week and systematically the H2 concentration peak 
precedes the CO2 flux one.  
The observed delays between the variations of both geochemical signals can reflect the 
different mobility between the H2 and CO2 species producing a sort of noticeably natural 
chromatographic effect onto the time series. Throughout the time series recorded at 
Stromboli, the delay time between the peaks of different species can be observed several 
times. Actually, these time-changing features of both geochemical signals have been recorded 
through the simultaneous monitoring of H2 concentration and CO2 flux also at Mount Etna 
volcano through the measurements performed at both Torre del Filosofo and Belvedere sites 
(see Figure 16 and Figure 27). The systematic nature of the asynchronous variations exhibited 
by the time series of the H2 concentration and CO2 flux measurements performed at Stromboli 
and Mount Etna volcanoes strongly suggests the independency of the typical delay from the 
specific sampling site as well as the more general independency from the specific monitored 
volcanic system. 
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Figure 46 Time series of H2 and CO2. The green line indicates the threshold values of anomalous 
population for both geochemical signals. Red crosses and Green crosses indicate the selected H2 and 
CO2 anomalies respectively for computation the average depth of the gas reservoir (see text).  
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The data set analysis and the development of the theoretical model of the gas composition 
transients in porous media (see Chapter 4) allow evaluating the relationship between the 
delays of both CO2 and H2 perturbation and the depth of the gas reservoir supplying the 
emissions from the top area of Stromboli. 
The probability plots showed that the H2 anomalies were characterized by H2 concentration 
above 160 ppm vol., while the CO2 flux were anomalous above 70000 gm
-2
d
-1
. Therefore, the 
respective thresholds values enable selecting the periods of anomalous CO2 flux following as 
many H2 anomalies listed in table 5. 
In the table are also listed two further periods throughout which the climax of CO2 flux were 
just below the statistical threshold reported before, being clearly preceded by H2 anomalies. 
The identification of these anomalies and the evaluation of their respective delays enable 
attempting the computation of the gas reservoir depth. 
The relation  
 
2 2
2 2
3
H CO
H CO
D D
v t
D D

 
    
        [3] 
of the average delay (Δt) between CO2 and H2 anomalies and the depth of the gas reservoir (δ) 
is obtained settling together equations [31] (see Chapter 4) for both CO2 and H2 species. 
The average delays between the identified anomalies are used with the threshold anomalous 
flux rate (v) to evaluate the average depths reported in table 5.  
The results are a rough estimate of the level corresponding to the modeled upper surface of 
the gas reservoir from which the gas mixture containing both species begins to move through 
the porous medium. The values provided by the computation ranges between 2000 and 4400 
meters, giving the average depth of 2900 meters (standard deviation 960) below the top of the 
volcanic pile. 
Geochemical, volcanological, petrological and geophysical investigations (Aiuppa et al., 
2010; Métrich et al., 2010; Bonaccorso et al., 2008) pointed out a magma storage zone 
between 2 and 4 km within the shallow plumbing system of Stromboli where CO2-fluxing, 
released from the deepest magma source, triggers the transition from LP to HP magma, 
bringing about crystallization and water loss. The data reported in table 5 suggest that the 
depth estimated by using the delay between H2 and CO2 anomalies agree fairly well with the 
depth identified for the shallower magma storage zone of Stromboli.  
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Table 5 The identified CO2 flux and the correlated H2 concentration anomalies (Figure 44). The 
average depths are computed according to the threshold flux rate and the average delay between the 
anomalies. 
H2        
anomalies 
CO2      
anomalies 
Delay  
(days) 
Computed depth 
(meters) 
Average depth 
(meters) 
20.05.2009 
05.06.2009 
17 2500 
2000 
27.05.2009 10 1500 
02.06.2009 24.06.2009 22 3000 3000 
21.06.2009 22.07.2009 30 4400 4400 
25.07.2009 03.08.2009 8 1100 
2600 
23.09.2009 26.10.2009 28 4100 
03.06.2010 
21.06.2010 
18 2700 
2150 
10.06.2010 11 1600 
 
In this zone, CO2 is supplied from below (Allard et al., 2010; Aiuppa et al., 2010; Métrich et 
al., 2010) and large amount of hydrogen can be produced by high temperature water 
dissociation reaction (Nuccio and Valenza, 1993). Therefore, we infer that the monitoring of 
degassing activity from the top area of the volcanic pile could provide information on the 
dynamics involving the shallower-intermediate plumbing system of Stromboli volcano. 
In summary, since the 13 May 2009 the typical time-changing activity has been observed at 
Stromboli volcano. Throughout this period, the H2-CO2 system, installed on the top area of 
the volcano, allowed the simultaneous measurements of H2 concentration and CO2 flux from 
the PSF-a fumarolic field. At the same time, the CO2 flux from the soil has been measured 
from PSF-b site, some tenths meters away along the direction NE-SW.  
Beside the typical strombolian explosions occurring on average every 15 minutes, Stromboli 
activity showed ten major explosions and paroxysms throughout the period during which the 
H2 concentration and CO2 flux measurements have been performed. The description of the 
main variations of both monitored parameters through the degassing model recently proposed 
for Stromboli volcano (Aiuppa et al., 2010) allowed highlighting some relationships between 
the variations of the degassing activity from the fumarolic field of the top area of the volcano 
and the time-changing style of its eruptive activity. 
Moreover, the simultaneous monitoring of different parameters such as the H2 concentration 
and the CO2 flux allows understanding the time-changing relationships between the variations 
of both gas species. Indeed, the most noticeable feature is the asynchronous variations of both 
parameters, with the H2 concentration variations preceding the CO2 one as the results of the 
different mobility of the chemicals. We believe that such a sort of chromatographic effect can 
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be explained through the very different diffusive features of the H2 and CO2 molecules. 
Indeed, although the advective flux is the more efficient process during the mass transport, the 
diffusive ones operates simultaneously towards the separation of the mixture in its own 
components, depending on the diffusive velocity of each gaseous species. 
In the next chapter of this thesis the theoretical model based on the mass balance and 
advective-diffusive transport properties of fluid will be developed and discussed. The model 
represents a step forward the understanding of the transients of the chemical composition of 
the gases emitted from earth surface in volcanic and geothermal areas. The theoretical model 
proposed in this thesis can be used as a tool for understanding the delay between the 
variations of both monitored parameters as the result of the very different mobility of H2 and 
CO2 species. 
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Chapter 4 
Theoretical model of the composition profile into the soils 
 
Introduction 
The continuous and high frequency monitoring of volcanic activity by measuring the 
variations of the chemical compositions of the gases emitted from the soils and low 
temperature fumaroles requires the study of the transport dynamics in a multiphase system.  
A theoretical model has been developed in order to understand the relationships among the 
chemical composition of the surface gas emissions, the sub-surface gas flow regime, the 
transport parameters of the porous medium (porosity and tortuosity) and the depth of the gas 
reservoir. 
In our scheme the soil has been considered as homogeneous semi-infinite porous medium, 
and the model includes the effects of both diffusive and advective transport processes. In the 
described conditions, the mass transport occurs according to a non-zero concentration 
gradient producing the diffusion flux, and a non-zero pressure gradient producing the 
advective component. In detail, our model describes the mass transfer process through the 
transient state produced by the perturbations of the flux variables within the system. The 
study of the transient fluid flow through the porous media may be used to improve the 
understanding of the relationships between the chemical variations measured through the 
permanent H2-CO2 monitoring system and the degassing process occurring in the Earth crust. 
In this chapter we illustrate the theoretical model proposed in order to describe the transients 
of the chemical composition of the gas phase into the soils. The main part of the chapter 
focuses on both the formulation and the basic concepts used for the solution of the problem of 
the transient of the chemical composition into the porous media.  
Finally, in order to check the reliability of the theoretical model and understand the limits of 
its validity, a set of dedicated laboratory tests has been performed. The results are compared 
with the model prediction and shown at the end of the chapter. 
 
Basic concept of the gas flux 
The chemical composition profile produced by the soil gases may be studied considering the 
transport processes through the porous medium. 
The figure 1 shows a schematic view of the natural system described by our theoretical 
model. The soils are considered as a semi-infinite homogeneous porous medium of constant 
thickness.  
Roberto M. R. Di Martino – PhD thesis 
_______________________________________________________________________________________________________________________________________________________ 
104 
 
 
Figure 1 Schematic picture showing the natural system described by the theoretical model. The soils 
are considered as semi-infinite homogeneous porous medium of constant thickness. The upper surface 
limiting the porous medium represents the soil surface separating the Earth interior from the 
atmosphere, while the lower surface of the medium divides the soil from the gas reservoir representing 
the source of the perturbation of the chemical concentration profile. In the right box has been depicted 
the difference between the tortuous path of the gas during the transport into the soil (red line) and the 
right distance separating the reservoir from the surface (blue line). 
 
The upper surface limiting the porous medium represents the soil surface dividing the Earth 
interior from the atmosphere. The lower surface divides the soil from the gas reservoir, 
representing the sources of the perturbations of the gas composition profile within medium. 
The theoretical model proposed in this thesis analyses the temporal variation of the chemical 
composition profile within the soils produced simultaneously by the gas diffusion and 
advection. The first process is described by the first Fick’s law  
iCD id(i)       [1] 
where υd(i) is the diffusive flux of the i
th
 component, iC  is the chemical potential gradient 
and Di is its diffusion coefficient. 
Equation [1] describes the rate of mass transfer through the medium of unit cross section area. 
Gas flows along the direction of the negative concentration gradient measured normal to the 
surface through which the diffusion is taking place, being proportional to the size of the 
concentration gradient. 
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The soils can be depicted through the solid skeleton and the porous void. The solid particles 
of the porous media cause a barrier to the diffusion of the gases, making the diffusion volume 
smaller than the total volume of the medium.  
The diffusion through the fluid filled pores of the impermeable porous solid media takes place 
only through the cramped and tortuous pores of the composite. Because the pores are not 
straight, the diffusion actually takes place over a longer distance than it would in a 
homogeneous material. Because the solid is impermeable, diffusion occurs over a smaller 
cross-sectional area than that available in a homogeneous material. The effects of longer pores 
and smaller areas are often lumped together in the definition of the bulk diffusion coefficient 
(or effective diffusion coefficient) 
τ
pD
D i

       [2] 
in which Di is the molecular diffusion coefficient within the gas filling the pores, p is the void 
fraction and τ is the tortuosity, attempting to account for the longer distance traversed within 
the pores. Tortuosity usually ranges between two and six, averaging about three. 
The second mechanism producing mass transport through the porous media is the advective 
flux, also called effusive, convective or viscous flux. This is expressed as follow 
υa = Ci · vai                  [3] 
where Ci is the concentration of the i
th
 gas species and vai is the advective flux rate. The terms 
vai depends on gas viscosity μ, on the permeability of the medium k and on the pressure 
gradient P  
a(i)
μ
k
P         [4] 
known in the literature as Darcy’s law. 
Equation [4] describes the transfer mass rate of a gas advecting through a medium of unit 
cross section area. Gas flows along the direction of the negative pressure gradient measured 
normal to the surface through which the advection is taking place and it is proportional to the 
size of the pressure gradient. 
In a wide range of environmental conditions the mass transport is produced by the interactions 
between the two boundaries transport mechanisms. Since both the diffusion and the advection 
processes occur at the same time producing the gas movements, the most general equation 
describing gas flux through the porous media is the sum of the diffusive and advective 
components 
i d(i) a(i) i i a(i)J    D C  C v               [5] 
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The integral method 
The fluid flow problem describing the variations of the chemical composition profile within 
the soils is based on the solution of the equation of continuity, coupled with the advective-
diffusive equation (equation [5]). 
Usually, the exact or the approximate analytic solutions of the problems are useful in the 
engineering analysis, providing insights into the physical significance of various parameters 
affecting the problem of interest. The exact solution of the differential equation in a given 
region subject to specified boundary and initial conditions, satisfy the problem of the 
concentration profile at each point over the considered region. When exact analytic solutions 
are impossible or too difficult to obtain, or the resulting analytic solutions are too complicated 
for computational purposes, approximate analytic solutions provide a powerful alternative 
approach to handle such problems. 
Among the numerous approximate analytic methods for solving the partial differential 
equations governing the engineering problems, the integral method has been widely used in 
the solution of various types of one-dimensional heat conduction problems, melting and 
solidification problems, and heat and momentum transfer problems for specified boundary 
conditions.  
Wu and Pruess (2000) applied the integral method in the solution for transient fluid flow 
through a porous medium with pressure-dependent permeability. The application of the 
integral method to the problems of fluid flow in porous media gives a solution satisfied in 
average integral sense over the region subject to specified boundary and initial conditions. 
The results are approximate, but several solution obtained with this method, when compared 
with the exact solutions have confirmed that the accuracy is generally acceptable for many 
engineering applications. 
The analysis with the integral method applied to the concentration profile problem in a semi-
infinite porous medium, subject to some prescribed boundary and uniform initial conditions 
without gas production into the medium, has been performed according to the following steps: 
 The differential equation of the concentration profile has been integrated over a 
phenomenological distance (δt), called composition layer in order to remove from the 
differential equation the derivative with respect to the space variable. The composition 
layer is defined as the distance beyond which, for practical purpose, there is no mass 
flow. Hence the initial composition profile within the porous medium remains 
unaffected beyond (δt). The resulting equation is called concentration integral 
equation. 
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 A polynomial function has been chosen for concentration profile over the composition 
layer. The coefficients in the polynomial were determined in terms of the composition 
layer thickness (δt), according to the boundary conditions. The accuracy of the 
solution depends on the degree of the polynomial function having no significant 
improvement over the fourth degree. 
 When the concentration profile constructed is introduced into the concentration 
integral equation and the indicated operations are performed, an ordinary differential 
equation is obtained for the composition layer thickness (δ), being the time as 
independent variable. The solution of this differential equation subject to the 
appropriate initial condition gives the composition layer thickness (δ) according to the 
time variable. 
 Once δ is available, the concentration profile C(z,t) is known according to time (t) and 
position (z)  within the medium, and the mass flux at the surface is determined. 
In the following will be described the theoretical model of the concentration profile of the i
th
 
gas species in a semi-infinite medium  z  0  initially at a uniform concentration Ci. For 
times t > 0 the boundary surface is kept at constant concentration Ci. 
 
Mathematical formulation 
The fundamental equation of the one dimensional model proposed in this thesis is obtained 
coupling the advective-diffusion equation with the equation of continuity 
 C C
D C
z z t

   
    
                     [6]  
where z indicates the space variable, D is the bulk diffusion coefficient defined by the relation 
[2], C is the concentration, t is the time variable and (v) is the advective flux rate, kept 
constant.  
The equation of continuity is verified for  
 z  0     and    t  0  
indicating that the mass variations in the independent time variable within the porous medium 
are produced by the spatial variation of the total gas flux.  
The conditions that must be satisfied from the solution of the problem are  
1C C      at     0z  , 0t       [7] 
where C1 is the forced concentration of the specific gas species, while the third one states  
iC C      for 0t   in 0z         [8] 
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
dC
dz = 0
C = Ci
Ci C1

z
C0  
Figure 2 Schematic picture indicating the composition layer (δ) of the fluid flux problem described in 
this thesis. The composition layer (δ) is represented in the theoretical model by equations [12] and [13] 
reported also within the bracket in the figure. The red line indicates the concentration profile according 
to the perturbation of the concentration (C1) imposed within the porous medium. The z axis indicates 
the gas flux direction. 
 
where Ci is the initial concentration of the specific gas species within the pores of the 
medium. 
The definition of the composition layer (δ) and the physical conditions described by the 
equation [7] and [8] are illustrated in the figure 2. 
In order to obtain the concentration profile within the semi-infinite homogeneous porous 
medium, the basic steps mentioned above for the integral method are followed. 
The solution of the fluid flux problem is obtained through the computation of the definite 
integral with respect to the space variable between z = 0 and z = δ of the equation [5] 
0 0
C C
D C dz dz
z z t
 

   
    
   
      [9] 
According to the Leibniz’s rule for the differentiation of a definite integral whose limits are 
functions of the differential variables, the equation [9] becomes 
00
C C
D C D C Cdz C
z z t

 
  
    
         
     
    [10] 
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where C|δ indicates the concentration of the i
th
 gas species at the phenomenological distance δ. 
Moreover, the following boundary conditions were imposed.  
C
D C J
z


  

 at z = 0              [11] 
By the definition of the composition layer, at the phenomenological distance (z = δ) the 
following boundary conditions are satisfied 
0
C
z



            [12] 
and 
iC C             [13] 
Under the boundary conditions fixed above ([11], [12], [13]), equations [10] simplified as: 
0
iC J Cdz C
t


 
 
    
  
                [14] 
In order to give an analytical solution of equation [14] a second order polynomial function is 
chosen to represent the concentration variation along the z axis: 
2C a bz cz        [15] 
in which the a, b and c coefficients are function of the time and were determined according to 
the boundary conditions at z = 0 and at the edge of the composition layer z = δ (the equations 
[11], [12] and [13]). The polynomial function that describes the concentration profile within 
the porous medium obtained by the substitution becomes 
22 2
2 ( 2 ) ( 2 )
i i iJ DC J C J CC z z
D D D
  
   
  
  
  
    [16] 
The detailed arithmetical procedure followed to obtain the coefficients of the polynomial 
function is completely reported in Appendix 4. 
Introducing the equation of the concentration profile [16] within the concentration integral 
equation of the flux problem and performing the indicated computation, the following 
differential equation is obtained for δ 
2
3
( 2 )t D


 
  
  
          [17] 
subjects to  
δ= 0 for t = 0          [18]. 
The solution of the [17] equations gives 
2
1
3( (8 3 ) 3 )
2
t D t t 

 
     [19]. 
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According to the equation [14], the concentration profile within the system has been 
determined by knowing δ. The solution reported above represents the concentration profile for 
the time lasted between the beginning of the compositional perturbation (t = 0) from the lower 
limit of the porous medium and the time tδ at which the perturbation reached their upper 
surface computed according to: 
vD
t



36
2

      [20]. 
The result find in equation [20] will be compared to the experimental measurement of the 
arrival time (hereafter also named “retention time”) of the chemical perturbation as shown in 
the following. 
 
Experimental study of the transient of chemical composition in the porous medium 
In order to check the reliability of the developed model of the chemical composition transients 
and define the limits of its validity, a set of dedicated laboratory tests has been performed. 
The tests results allow investigating the relationships between the measurements performed 
with the continuous H2-CO2 experimental system and the degassing processes occurring 
beneath the earth surface.  
The tests have been performed using a gas flux simulator showed in its main components in 
figure 3. The experimental apparatus is composed by a cylindrical PVC container 280 cm 
high (hereafter also indicated as FC) with circular cross section (about 50.3 cm
2
 cross-
sectional area) of 8 cm of diameter, filled of pyroclastic sand collected at the island of 
Vulcano (Aeolian archipelago). The permeability and the particle sizes features of the sand 
used to perform the laboratory tests were accurately determined and known. 
Throughout each test, the gas flow has been produced from the base of the column using 
several laboratory gas standards of known chemical composition. The flux of the gas standard 
has set through a flowmeter placed just before the inlet, at the base of the FC and carefully 
maintained constant by the pressure gouges array (manometers) connected to the gas tank. 
The flux simulator has been provided with several gas sensors to detect the different target 
species contained in the standard mixtures flowing through the column.  
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Figure 3 Experimental device used in the laboratory order to test the reliability of the theoretical 
model proposed to the interpretation of the transient in the chemical composition of the fluid emitted 
from the soil. The figure depicts the flux simulator made of a PVC tube of diameter 8 cm (cross 
section 50.2655 cm
2
 ) and high (L) of 280 cm, the gas tank containing the laboratory gas standards, the 
summit box containing the detector array connected with the computer for the record and storing of 
the test. The signal of the sensor was acquired sampling at 10 Hz frequency. 
 
 
The table 1 lists the target gas species investigated throughout the flow experiments and the 
main features of the sensors placed at the top surface of the column. The sensors are 
connected to an acquisition computer sampling the signal at 10 Hz. The test are recorded and 
stored to the data processing. 
 
 
Table 1 The investigated gas species investigated during the experimental validation of the theoretical 
model. The table also contains the main features of the sensors placed at the top surface of the column. 
Target gas species Sensor 
CO2 Gascard II – range 0 -1 % 
H2 City Technology H2 sensor – range 0-200 ppm vol. 
He Alcatel ASM 100 HDS 
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Among the chemical gaseous species used in the experiments, CO2 and He are used as pure 
single component gas standard, which allow studying the relationship between the chemical 
composition transients and the flux properties operating within the system.  
The test results have been compared with the computations made by the theoretical model that 
describes the transport of a single chemical component within the porous medium.  
At the same time, the use of a single component gas standard allows computing the 
differences between the experimental results and the model predictions, neglecting the 
possible reciprocal influence of the different chemical species. It is worth nothing that the 
binary diffusion coefficients of each single gas species in air (DX-Air) have been used for 
computation of the model retention time-flux velocity curve reported hereafter. 
Several multicomponent mixtures, containing the typical gas species found in the volcanic 
emissions (He, H2, O2, N2, CO, CH4 and CO2), are also used to perform the flux tests. The 
results of these tests allow checking the reliability of the model and understand the limits of 
its validity in the analysis of the chemical composition transients recorded by the continuous 
monitoring system of gas emitted from the earth surface. 
The tests have been designed and performed with the aim to measure the time (t) of the 
variation of the gas species concentration at the top surface of the FC simulator produced by 
the sustained gas flux within the column. According to equation [20], the measured time 
(tmeasured) represents the experimental time at which the composition layer (δ) defined by the 
equations [12] and [13] reaches the top surface of the FC.  
In the following part of the chapter the time at which the composition layer reaches the top 
surface of the column will be defined as “retention time” of the considered chemical species 
(H2 or CO2) within the flux column, referring to the process of the movement of the gas 
species occurring within the chromatographic columns. 
The figure 4 shows the typical record of the test of the retention time measurements. In the 
figure, the time zero corresponds to the beginning of the test, since the gas standard starts 
entering at the constant flux rate at the base of the FC. The figure shows that through the large 
part of the tests the signal of the sensor remains stable at the value corresponding to the initial 
concentration of the target species at the top surface of the column. The signal-time curve 
remains almost constant, showing slight variation produced by the sensor noise. Since the 
perturbation produced by the gas flux causes the change of the concentration profile, the 
sensor signal shows a sharp increase, changing the slope of the signal-time curve. 
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Figure 4 The record of the flux tests performed with the flux simulator. The record of a typical time 
measurement result shows that the signal of the detectors remains stable at the value corresponding to 
the initial concentration of the target species until the perturbation produced by the gas flux, set at the 
base of the column, produces the change of the concentration profile. The dashed vertical line 
indicates the time of the first change at the summit of the flux column of the concentration of the 
target gas species. The vertical axis contains the electric signal of the sensor (V), while the horizontal 
axis contains the time expressed in second. Time zero corresponds to the beginning of the tests when 
the gas standard start to enter the base of the column showed in figure 3. 
 
The change of the slope of the curve, marked with the vertical dashed line in Figure 4, 
represents the retention time of the chemical species. Each test has been stopped a few 
minutes later the sharp change of the concentration measured by the sensors.  
The tests have been performed at several gas flux values ranging from 10
-3
 to 10
-1
 cm
3
s
-1
cm
-2
 
well including the experimental flux interval typically measured in both low temperature 
fumaroles and soils of volcanic environments. Throughout the tests, the environmental 
pressure and the temperature conditions have been also controlled. 
In order to purify the column from gas pollution, a cleaning procedure has been adopted 
before each retention time measurement by flushing with air for several minutes. The results 
of the experiments are showed and discussed in the following. 
 
 
 
Retention time 
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Laboratory flux test with pure CO2 
In order to study the chemical composition transients produced by the main components of 
the gas emitted from the soils of volcanic areas, several tests have been performed using pure 
CO2 laboratory gas standard. All the tests have been performed in the same experimental 
conditions described above by changing the gas flux rate (v) within the range 0.004 - 0.11 
cm
3
s
-1
cm
-2
, covering the typical range of flux rate found in the soils of the volcanic 
environments.  
In order to obtain accurate measurements of the retention times, the flux rate is a critical 
parameter of the flux experiments being carefully monitored through a system of flowmeters 
and pressure gauge (manometers). In detail, above the value of 0.06 cm
3
s
-1
cm
-2
 the flux rate 
was set using the variable area flowmeter Ky Instrument (range 0 – 0.33 cm3s-1cm-2) having 
an error of 0.0166 cm
3
s
-1
cm
-2
. The flux rate below 0.06 cm
3
s
-1
cm
-2
 was set most accurately 
using the Omega Engineering Inc. FMA-114 digital flowmeter (accuracy: 2% of full scale). 
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Figure 5 The test results obtained using pure CO2 (99.99%) to produce the flux into the column. The 
horizontal axis contains the value of flux rate (v) expressed in cm
3
s
-1
cm
-2
, while the vertical axis shows 
the corresponding time of the concentration change at the top surface of the column. Green line 
represents the curve computed according to the theoretical model. Brown diamonds show the retention 
times experimentally measured by the tests. Time error bar are computed taking into account only the 
error in the flux rate measurements.  
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Table 2 Time evaluated (tmodel) and measured (tmeasure) of the first change of the concentration of the 
CO2 target species at the top surface of the flux column. The tests have been performed using pure 
CO2 in the typical range of the gas flux velocity (v) found in volcanic areas. 
Flux velocity (v) 
(cm
3
s
-1
cm
-2
) 
tmodel 
(s) 
tmeasure  
(s) 
χ2 
    
0.013 6877 6886 0.007 
0.020 4620 4602 0.050 
0.027 3478 3465 0.047 
0.033 2789 2785 0.094 
0.040 2328 2301 0.569 
0.046 1997 2022 0.449 
0.060 1556 1564 0.069 
0.066 1412 1310 0.090 
0.133 709 705 0.002 
0.199 474 461 0.124 
0.249 381 377 0.017 
0.332 281 290 0.398 
 
The results of the test performed with pure CO2 are reported in figure 5 showing the curve 
computed according to the model (green curve) and the retention times, corresponding to the 
variation of the CO2 concentrations at the top surface of the column (tmeasure). 
The brown diamonds showed in figure 5 represent the retention times measured through the 
tests (tmeasure) and the superimposed error bars have been computed taking into account only 
the casual error made in the flux rate measurements. They neglect several effects influencing 
the measurements of the actual variation of the concentration at the top surface of the column 
such as the gas losses through the walls of the cylindrical container, the temperature inside the 
column. Therefore, they represent the minimum errors made throughout the experimental 
measurements of the retention times. 
In order to compare the reliability of the measurements with the computations of the model, 
the results of the tests performed with the pure CO2 are reported in Table 2.  
The comparison between the model and the experimental data may be performed through the 
function χ2 defined as 
 2
2 mod
2
( )el measuret t



      [31] 
were tmodel and tmeasure are the retention times of the target species computed by the model and 
the times measured by the experiments respectively, while σ represent the error in the time 
measurements. The agreement between the experimental measurements and theoretical data, 
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in the range of the experimental error, gives value of χ2 computed for each test smaller than or 
equal to 1. The χ2 computed for the CO2 show values lesser than 1 for all the gas flux rates 
chosen to perform the tests. 
The data reported in the table 2 as well as the figure 5 show the good agreement within the 
limits of experimental accuracy between the tmodel and tmeasure for all the tests performed with 
pure CO2, suggesting that the proposed theoretical model could be used to study the 
relationships between the chemical composition transients and the flux regime parameters.  
 
Multicomponent mixture 
Several tests have been performed using a multicomponent laboratory gas standard containing 
the typical gas species found in the soil emissions of volcanic areas. The test results have been 
compared with the model computations in order to check its reliability and discuss the 
deviations between experimental and theoretical data. The laboratory gas mixture contains 
He, H2, O2, N2, CO, CH4 and CO2 each one having the concentrations specified in the Table 3. 
Hereafter this laboratory gas standard has been named MGM-mixture. 
The MGM-tests were carried out in the same experimental conditions of the test performed 
with pure CO2 and described above, choosing different flux rate in the range from 0.004 up to 
0.11 cm
3
s
-1
cm
-2
, according to the typical flux rate of the gases emitted from the soils and 
fumaroles of the volcanic areas. A crucial parameter of the tests was the flux velocity, since 
the reliability of the experimental measurements of retention times was largely dependent 
from the accuracy of the flux rate set up. The flux rate of the MGM has been set using a 
variable area flowmeter Ky Instrument for the tests performed above 0.199 cm
3
s
-1
cm
-2
. The 
flux rates below 0.199 m
3
s
-1
cm
-2
 were set up using a digital flowmeter Omega Engineering 
Inc FMA-114 having a specific flux gauge for the measurements of the CO2 flux.  
 
 
Table 3 Chemical composition of the Multicomponent Gas Mixture laboratory standard (MGM) used 
to tests the reliability of the model in the description of the transients of the chemical composition of 
the soils and low temperature fumarole gases 
He 
(ppm vol) 
H2 
(ppm vol) 
O2 
(% vol) 
N2 
(% vol) 
CO 
(ppm vol) 
CH4 
(ppm vol) 
CO2 
(% vol) 
462 909 20.5 78.1 919 964 1.1 
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Figure 6 The record of a retention time – flux test performed with the MGM laboratory standard. The 
red line indicates the record of the City Technologies H2 sensor, while the green curve indicates the 
record of the Gascard II CO2 detector. H2 and CO2 species reached the top surface of the column after 
a distinct retention time indicated with vertical black dashed lines. The time difference between the 
retention times of both species has been defined “delay” time (Δtδ) resulting from a sort of 
“chromatographic effect” occurring within the porous medium.  
 
The use of the digital flowmeter to set the flux rate of the MGM within the column required a 
special calibration by a glass bubble flowmeter having a graduate scale with 1cc resolution in 
order to carefully measure the absolute flux rate. 
During the tests performed using the MGM standard, the top surface of the flux simulator has 
been provided with both the electrochemical City Technology sensor and the Gascard II to 
detect simultaneously the variations of both H2 and the CO2 concentration respectively. 
The typical record of the MGM-tests is reported in figure 6 showing that, neglecting the 
noise, both the sensors signal remains stable at the value of the starting concentration of the 
target gas species at the top surface of the column. 
The time zero represents the beginning of the test, when the mixture starts entering the base of 
the column. The red line showed in Figure 6 represents the H2 sensor signal showing a sharp 
change of the slope of the concentration-time curve according to the variation of the H2 
concentration profile, produced by the sustained gas flux set at the base of the column. The H2 
signal continues to increase as the H2 concentration increases at the top surface of the column. 
At the same time, the CO2 detector do not shows any variation, remaining steady at the initial 
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CO2 concentration. After a delay respect to the change of the H2 concentration, also the CO2 
detector shows the change of the slope of its own concentration-time curve, indicating the 
change of the CO2 concentration profile within the column. After a few minutes later the 
change of the CO2 concentration profile, the test has been stopped and the data are recorded in 
the computer acquisition system. The data processing of the record has been aimed to identify 
the retention times of both chemical species and compute their differences. In the following 
part of the chapter, the time difference between the retention time of the CO2 and the H2 
species will be defined as “delay”. 
The very different diffusive features of the respective molecules can explain such a sort of 
chromatographic effect exhibited by the H2 and CO2 species. The chromatographic effect 
splits the chemical disturbance produced by the multicomponent mixture flowing within the 
column in concentration waves, each one moving according to the distinct movement 
capability of the gas species. According to the experimental data, the perturbation of the gas 
concentration profile within the FC begins when the MGM standard starts to enter from the 
base of the column. The chemical disturbance, described by the composition layer (δ), reaches 
the summit of the FC after a time inversely correlated to both the flux velocity (v) and the 
molecular diffusion coefficient (Di) a quantity which Fick called “the constant depending of 
the nature of the substances”. 
The differences between the molecular diffusion coefficients of H2 (D
3
(H2-Air)
 = 0.627 cm
2
s
-1
) 
and CO2 (D(CO2-Air) = 0.160 cm
2
s
-1
), produce the delay between the individual H2 and CO2 
retention times. In agreement with the model computations, the change of the H2 
concentration at the top surface of the FC occurred before the CO2 one.  
According to the equation [20], the retention times of each one species is  
vD
t



36
2

      [20]. 
Therefore, from the theoretical standpoint, the delay between the change of the concentration 
profile of H2 and CO2 species is inversely proportional to the flux rate of the mixture (v) 
within the column and directly proportional to both the differences between the binary 
diffusion coefficients of the considered gas species and the length of the theoretical distance 
of the composition layer (δ), according to equation 
                                                 
3
 The values of diffusion coefficients reported within the text are the binary diffusion coefficient of the species 
given in the handbook of chemistry and physics T = 293.15 K and P = 101.325 KPa. 
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Figure 7 The test results for the CO2 species obtained using MGM laboratory standard to produce the 
flux into the column. The horizontal axis shows the value of flux rate (v) expressed in cm
3
s
-1
cm
-2
, 
while the vertical axis shows the time at which have been recorded the CO2 concentration changes at 
the top surface of the flux column. Green line represents the curve computed according to the 
theoretical model. Orange diamonds show the retention times experimentally measured by the tests. 
Time error bar are computed taking into account only the error in the flux rate measurements. 
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             [32] 
The importance of the measurement of the delay between the retention times of both 
chemicals relies in its direct dependence from theoretical distance (δ) representing the depth 
of the chemical disturbance source pictured in figure 2 to the natural systems. Therefore, the 
measurements of the delay between two or more chemicals typical of the volcanic emissions 
could be usefully employed to further constraint the depth of the gas reservoir.  
The retention times, experimentally measured through the tests performed with the MGM 
standard, are reported in Figure 7 and Figure 8 for CO2 and H2 species respectively according 
to the flux rate of the mixture. 
The green line showed in Figure 7 represents the CO2 retention times computed by equation 
[20] according to the flux rates of the mixture. The blue spots highlight the tmodel computed for 
the tested flux rate, while the orange diamonds show the retention time (tmeasure) obtained from 
the flux tests. The flux rate of the MGM standard has been set in the range from 10
-3
 to 10
-1
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cm
3
s
-1
cm
-2
, being values well within the typical range of the flux rate found in volcanic areas. 
As observed with the pure CO2, when the flux velocities were set above 0.060 cm
3
s
-1
cm
-2
 the 
times measured overlap the retention times predicted by the model within the experimental 
error. Accordingly, the χ2 values of the CO2 reported in Table 4 are lesser than 1, suggesting 
that the model computations agree with the experimental measurements.  
The retention times measured setting the flux rate of the MGM standard below the 0.053 
cm
3
s
-1
cm
-2
 are systematically larger than the retention times computed by the model and the 
χ2 value for the CO2 χ
2
 values reported in Table 4 are larger than 1.  
According to the laboratory experiments reported in Figure 5, the larger differences between 
the experimental data and the model computations have been observed by reducing the flux 
rate of the MGM standard, since the relative importance of the advective process producing 
the flux within the column become comparable in its magnitude to the diffusive one, 
suggesting that the diffusion rate, depending from the chemical features of the mixture, 
strongly influences the retention times of each chemical species. 
 
 
Table 4 Experimental data for both CO2 and H2 obtained from the flux experiments performed with 
the MGM laboratory standard. The retention times computed for both species have been reported. The 
χ2 values have been computed according to equation [31]. 
Flux rate 
(cm
3
s
-1
cm
-2
) 
CO2 tmodel 
(s) 
CO2 tmeasure 
(s) 
H2tmodel 
 (s) 
H2 tmeasure 
 (s) 
CO2 
χ2 
H2 
χ2 
0.332 281 295 280 290 0.063 0.029 
0.298 312 330 312 324 0.066 0.035 
0.265 351 353 350 328 0.000 0.066 
0.232 402 423 400 401 0.036 0.000 
0.199 468 493 466 447 0.026 0.016 
0.166 562 610 559 557 0.047 0.000 
0.133 702 774 697 623 0.043 0.046 
0.099 935 955 927 764 0.001 0.071 
0.066 1401 1726 1382 1249 0.559 0.093 
0.060 1556 1867 1533 1354 0.602 0.198 
0.053 1749 2215 1720 1455 2.728 0.885 
0.046 1997 2465 1960 1595 4.623 2.808 
0.040 2328 3254 2277 1792 14.926 4.086 
0.033 2789 3862 2716 1943 19.359 10.034 
0.027 3478 4774 3365 2375 11.299 6.601 
0.020 4620 6872 4423 2920 21.181 9.427 
0.013 6877 8438 6449 3514 10.230 36.178 
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Figure 8 The test results for the H2 species obtained using MGM laboratory standard to produce the 
flux into the column. The horizontal axis shows the value of flux rate (v) expressed in cm
3
s
-1
cm
-2
, 
while the vertical axis shows the time at which have been recorded the CO2 concentration changes at 
the top surface of the flux column. Black line represents the curve computed according to the 
theoretical model, while the red diamonds show the retention times experimentally measured by the 
tests. Time error bar are computed taking into account only the error in the flux rate measurements. 
 
The test performed with the MGM standard allowed the simultaneous measurements of the 
retention times of the CO2 and the H2 species. In detail, red diamonds in Figure 8 indicate the 
retention times of the H2 species according to the flux rate of the MGM standard within the 
column. The black line represents the curve of retention times of the H2 computed by equation 
[20]. The yellow spots highlight the tmodel computed for the tested flux rates. As be found from 
the measurement of the CO2 retention times, the tmeasured overlap the model curve until the flux 
rate has been set above 0.053 cm
3
s
-1
cm
-2
, while the experimental data leave from the model 
computation as the flux rate decrease.  
The figure 8 shows that the largest differences between the experimental data and the 
theoretical model have been observed when the advective process became comparable in its 
magnitude to the diffusive one. The data of the retention times for the H2 species within the 
flux column according to the flux rate have been reported in Table 4 with the proper χ2 values. 
The retention times measured for tests performed setting the flux rate below 0.046 cm
3
s
-1
cm
-2
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are systematically smaller than the model computations and the related χ2 values are larger 
than 1.  
As observed for the retention times of the CO2, the largest difference between the 
experimental H2 retention times and the model computations became larger for low flux rates, 
since the magnitude of the diffusive process became comparable to the advective one.  
The tests results suggest that the diffusive features of the chemical species strongly affect the 
movement capability of the concentration wave within the flux column, also when the 
magnitude of the advective process is comparable to the diffusive one. 
Summarising, the laboratory tests performed by the MGM standard to produce the flux within 
the simulator allowed measuring simultaneously the retention times of both H2 and CO2 
species in the experimental condition closely to the typical composition range of the mixture 
emitted from the soils of volcanic areas. The results of the measurements indicate that the 
retention times of both species agree with the computed model curve within the limit of the 
experimental error since the flux rate of the gas has been set above 0.053 cm
3
s
-1
cm
-2
. As the 
flux rate of the MGM standard decreases, the retention times of both CO2 and H2 species 
showed interesting difference in comparison to the model computations. In detail, setting the 
flux rate of the MGM standard below 0.053 cm
3
s
-1
cm
-2
, the H2 and CO2 gas species showed 
different features each other, since the tmeasure for the CO2 species are systematically larger 
than the tmodel, while the tmeasure for the H2 species are smaller than the tmodel.  
Moreover, further constraints on the retention times of the CO2 species could be obtained by 
the comparison of the MGM-tests results, reported in Table 4, with the retention times 
measured with the pure CO2, reported in Table 2. The comparison shows that, in the range of 
the lower flux rate investigated, the retention times for the CO2 species measured through the 
tests performed with the MGM are larger than the tmeasure obtained using the pure CO2, 
suggesting that compositional effects of the mixture could affect the retention times of the 
species making the MGM standard.  
According to equation [20], the diffusive component of the flux process, described by the 
bulk diffusion coefficient, is generally smaller than the advective one, increasing their relative 
magnitude as the flux rate decreases. Since the difference between the measured retention 
times and the model computations became larger for low flux rate (v), the compositional 
effects must be taking into account in order to explain the difference between the 
experimental data and the model computations. As mentioned before, the binary diffusion 
coefficients of H2 and CO2 in air have been used in the computation of the retention time-flux 
rate curves reported in Figure 7 and Figure 8, as well as in the Figure 5 containing the tests 
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performed with pure CO2. In the latter case, the diffusion coefficient of CO2 represents the 
actual diffusivity of the CO2 into the air filling the pore of the FC sands. In this case, the 
model computations are in agreement with the measured retention times. Instead, the binary 
diffusion coefficients do not represent exactly the actual diffusivity of both H2 and CO2 into 
FC using the MGM standard, since multicomponent effects develop among the species 
making the mixture. According to Cussler (1997), the multicomponent effects are larger when 
the mixture is concentred or contains interacting species. In general, these interactions can 
originate from chemical reaction, from electrostatic coupling or from major differences in 
molecular weights, as in the case of CO2 and H2. Several authors (Krishna and Wesseling, 
1997) proposed different equations taking into account the multicomponent effects in the 
evaluation of the diffusion coefficients of the chemicals making the mixtures. The complexity 
of the computations needed to solve the multicomponent diffusion problem prevented in most 
cases the theoretical evaluation of the diffusion coefficient in system with more than three or 
four components.  
In our case dealing with a system of several components, the compositional effects on the 
retention times of each single species are experimentally evaluated through a dedicated test 
series. The tests have been performed using several mixture obtained by dilution of MGM 
laboratory gas standard with pure CO2. As a consequence, different mixtures with different 
CO2 and the H2 concentrations have been produced (Mixture 1, Mixture 2, Mixture 3, Mixture 
4). The chemical compositions of these gas mixtures have been accurately determined by 
chromatographic analysis performed with the Perkin Elmer Clarus 500 having Shincarbon ST 
100/120Mesh 3m x 1/8” OD column and listed in table 5.  
 
 
Table 5 Chemical composition of the mixtures obtained from the dilution of the MGM laboratory 
standard with pure CO2. The chemical compositions of the mixtures have been determined from 
chromatographic analysis with the Perkin Elmer Clarus 500 having Shincarbon ST 100/120Mesh 3m x 
1/8” OD column. 
Name 
 
He H2 O2 N2 CO CH4 CO2 
(ppm vol) (ppm vol) (% vol) (% vol) (ppm vol) (ppm vol) (% vol) 
                
MGM Standard 462.7 909.2 20.5 78.07 919.9 964.5 1.1 
Mixture 1 245 413 12.35 50.50 411 429 37.42 
Mixture 2 194 317 7.46 29.91 334 352 62.72 
Mixture 3 117 190 4.50 17.92 205 215 76.37 
Mixture 4 64 134 0.19 8.09 146 162 91.94 
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Figure 9 The test results for the CO2 species obtained using MGM laboratory standard to produce the 
flux into the column. The horizontal axis shows the value of flux rate (v) expressed in cm
3
s
-1
cm
-2
, 
while the vertical axis shows the time at which have been recorded the CO2 concentration changes at 
the top surface of the flux column. Blue line represents the curve computed according to the 
theoretical model. Green diamonds show the retention times experimentally measured by the tests. 
Time error bar are computed taking into account only the error in the flux rate measurements. Black 
arrows indicate the increases of the CO2 concentration within the mixture, having the MGM as the 
CO2-poor extreme and the Mixture 4 as the CO2-rich one. The red and green diamonds indicate the 
tmeasure obtained from the tests performed with the MGM standard. The yellow triangles indicate the 
retention times measured using the Mixture 1, blue triangles Mixture 2, green triangles Mixture 3 and 
orange triangle Mixture 4, the CO2 concentration ranging from 1% vol. up to 92% vol. The triangles 
with the apex pointing up indicate the measured retention times for the H2 species, while the apexes 
pointing down indicate the measured retention times for the CO2 
 
The tests have been performed setting the flux rate of the mixture to 0.027 cm
3
s
-1
cm
-2
 and 
0.04 cm
3
s
-1
cm
-2
. The results of the tests are reported in Figure 9 showing the retention times 
of both the H2 and CO2 species according to the gas flux rate. The green and black curves 
represent the retention times predicted (tmodel) for the CO2 and the H2 respectively. The red 
and green diamonds indicate the tmeasure obtained from the tests performed with the MGM 
standard, while the triangles indicate the tests performed with the four gas mixture. In detail, 
yellow triangles indicate the retention times measured using the Mixture 1, blue triangles 
Mixture 2, green triangles Mixture 3 and orange triangle Mixture 4, the CO2 concentration 
ranging from 1% vol. up to 92% vol. Moreover, the triangles with the apex pointing up 
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indicate the measured retention times for H2 species, while the apexes pointing down indicate 
the measured retention times for CO2. 
Figure 9 show that, keeping constant the flux rate, the retention times of both the CO2 and the 
H2 species change according to the chemical compositions of the mixture. The retention times 
measured for the CO2 using the intermediate composition mixtures (Mixture 1- Mixture 4), 
changed between the model curve (as the lower extreme) and the retention times measured 
using the MGM, showing the largest differences in comparison to the model curve. It is worth 
noting that the MGM represents the CO2-poor end-member of the compositional range 
investigated.  
As observed for the retention times of the CO2, the tmeasure of the H2 species change according 
to the composition of the gas mixture. The largest difference between the model curve and the 
experimental data has been observed using the MGM, while the lower ones have been 
observed in the case of the Mixture 4.  
The variations of the retention times setting the flux rate at 0.04 cm
3
s
-1
cm
-2
 have the same 
features of the ones observed setting the flux rate at 0.027 cm
3
s
-1
cm
-2
 suggesting that the 
relationship observed between the variation of the measured retention times and the variation 
of the chemical composition of the gas mixtures were independent from the flux rate 
investigated. 
The retention times measured for both the CO2 as well as the H2 species using the starting 
mixtures having intermediate compositions (Mixture 1, Mixture 2, Mixture 3 and Mixture 4) 
allow the evaluation of the differences between the experimental data and the model 
computations. In Figure 10, the retention times of the CO2 are reported according to the CO2 
concentration within the mixtures. The dashed lines indicate the retention times computed 
according to equation [20] for each flux rate set to perform the tests. The figure shows that the 
retention times measured by the MGM standard are larger than the retention times computed 
by the model. Moreover, the difference tmeasured-tmodel exceeds the experimental uncertainty.  
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Figure 10 The retention time – composition relationship. The dashed lines indicate the CO2 retention 
times according to equation [20] for both the flux rate investigated. The CO2 retention times have been 
measured using the mixture of intermediate composition between MGM and pure CO2 laboratory 
standards (Mixture 1, Mixture 2, Mixture 3 and Mixture 4). The retention time of the pure CO2 are 
also reported. The error bars are computed according to the accuracy of the flux rate measurements. 
 
According to the enhancement of the CO2 concentration within the mixture, the retention 
times decrease approaching the model predictions since the CO2 concentration in the mixture 
is larger than 40 vol %. The smallest difference between the experimental data and the model 
computation have been recorded when the pure CO2 has been used to produce the gas flux 
within the column (see figure 3). The retention times measured setting the flux rate to 0.04 
cm
3
s
-1
cm
-2
 showed the same composition dependency observed setting the flux velocity to 
0.027 cm
3
s
-1
cm
-2
 suggesting that the relationships between the retention times and the 
composition of the starting mixture was independent form the flux rate within the column. It 
is worth nothing that, being produced by dilution of the MGM standard by pure CO2, the 
mixture having the highest CO2 concentration at the same time was the H2-poor (Mixture 4). 
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Figure 11 The retention time – composition relationship. The dashed lines indicate the H2 retention 
times according to equation [20] for both the flux rate investigated. The H2 retention times have been 
measured using the mixture of intermediate composition between MGM and pure CO2 laboratory 
standards (Mixture 1, Mixture 2, Mixture 3 and Mixture 4). The error bars are computed according to 
the accuracy of the flux rate measurements. 
 
The Figure 11 shows the retention times measured for the H2 according to the CO2 
concentration within the starting mixture. The triangles indicate the experimental retention 
times measured with the mixture of intermediate composition obtained by dilution of MGM 
with pure CO2 (Mixture 1, Mixture 2, Mixture 3 and Mixture 4). The chemical compositions 
of the intermediate mixture are reported in Table 5. The black and blue dashed lines indicate 
respectively the retention times of the H2 species computed according to equation [20], setting 
the flux rate to 0.04 cm
3
s
-1
cm
-2
 and 0.027cm
3
s
-1
cm
-2
 respectively. 
The Figure 11 shows that the retention time of the H2 species increases according to the 
enhancement of the CO2 concentration within the mixture. The predicted H2 retention times 
agree with the H2 experimental measurements since the CO2 concentration within the mixture 
was above 90 vol %. at least in the case of the test performed setting the flux rate to 0.04 
cm
3
s
-1
cm
-2
. The variations of the retention times setting the flux rate at 0.04 cm
3
s
-1
cm
-2
 have 
the same features of the ones observed setting the flux rate at 0.027 cm
3
s
-1
cm
-2
, suggesting 
that the relationship observed between the variation of the measured retention times and the 
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variation of the chemical composition of the gas mixtures were independent from the flux rate 
investigated. 
The retention times of the H2 and CO2 species measured through the laboratory experiments 
performed with pure CO2, MGM standard and the mixtures of intermediate composition 
(Mixture 1, Mixture 2, Mixture 3 and Mixture 4) indicate that the theoretical model proposed 
in this thesis allow accounting the differences between the temporal variations of the CO2 and 
H2 concentrations in CO2 rich gas emissions. In detail, the agreement between the model 
computations and the experimental data has been observed since the CO2 concentration was 
above the 40 % vol. and the H2 concentration below 100 ppm vol. These chemical features of 
the flowing mixtures are well within the typical compositional range of the gases emitted 
from the soils and the fumaroles of volcanic areas. 
The comparison between the retention times of the CO2 species measured by the tests 
performed using the MGM standard and the pure CO2 suggest that compositional effects of 
the mixture could produce the observed differences between the experimental data and the 
model computations and their order of magnitude could be estimated by comparing the tests 
results. 
The flux tests using pure hydrogen as single diffusing species have been prevented due to the 
hazards in the employment of high concentration hydrogen-containing mixtures. Since the He 
molecules have several physical features, as the atomic weight and the diffusion coefficient 
(PAHe = 4; DHe-Air = 0.58 cm
2
s
-1
), comparable to the features of the H2 ones (PM H2 = 2; DH2-Air 
= 0.672 cm
2
s
-1
), it has been used in order to evaluate the average size of the experimental 
retention times of the H2 single species. 
As reported in table 1, the portable mass spectrometer Alcatel ASM 100 HDS has been used 
to measure the variations of the He concentration at the top surface of the FC in order to 
measure the retention times according to the flux rate of the He within the column. The 
laboratory experiments were carried out setting the flux rate in the range 0.004 - 0.11 cm
3
s
-
1
cm
-2
, according to the typical flux velocity of the gases emitted from the soils of volcanic 
areas.  
As mentioned before, a critical parameter of the tests was the gas flux rate, since the 
reliability of the experimental measurements was largely dependent from the accuracy of the 
flux rate set up. The set up of the He flux rate has been performed using the variable area 
flowmeter Ky Instrument for the tests performed above 0.199 cm
3
s
-1
cm
-2
. The flux rate below 
0.199 m
3
s
-1
cm
-2
 were set up using a digital flowmeter Omega Engineering Inc FMA-114 
requiring a calibration with a soap bubble flowmeter to carefully measure the He flux. 
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Figure 12 The results of the tests obtained using pure He (99.99%) to produce the gas flux into the 
column. The horizontal axis shows the value of flux velocity (v) expressed in cm
3
s
-1
cm
-2
, while the 
vertical axis shows the corresponding first arrival time of the concentration change at the summit of 
the column. Blue line represents the curve obtained from the theoretical model. Green diamonds are 
the time of the first change of the concentration experimentally verified by the laboratory tests. 
 
 
The results of the He-tests are shown within the Figure 12. The blue curve describes the He 
retention time computed according to equation [20] for each imposed flux rate. The red spots 
superimposed on the blue curve highlight the retention times (tmodel) calculated according to 
the selected flux rate. The retention times measured experimentally (tmeasure) are shown with 
the green diamonds. The error bars have been computed according to the accuracy of the He 
flux rate set up.  
The accuracy of the model in the computation of the He retention times could be evaluated 
through the comparison of the data reported in Table 6. According to relation [31], the values 
of the χ2 function smaller than 1 suggest that the measured retention times agree with the 
model computations when the flux rate was set above of 0.116 cm
3
s
-1
cm
-2
 (χ2<1). 
 
2
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Table 6 Times evaluated (tmodel) and measure (tmeasure) of the change of the concentration of the He 
target species at the summit of the FC. The tests have been performed using pure He in the interval of 
flux rate (v) covering the typical range found in volcanic areas. 
Flux velocity 
(cm
3
s
-1
cm
-2
) 
tmodel 
(s) 
tmeasure 
(s) 
χ2 
 
    
0.013 6489 2522.2 244.904 
0.020 4441 2167.8 314.369 
0.027 3376 1834.6 306.760 
0.033 2723 1573.4 161.742 
0.040 2281 1449.2 112.121 
0.046 1963 1292 222.073 
0.053 1722 1181.4 163.268 
0.060 1535 1091.2 172.011 
0.066 1384 1024.2 0.953 
0.116 796 1052 0.719 
0.199 466 701 0.648 
0.282 304 435.4 9.541E-05 
0.332 280 304.7 0.105 
 
The χ2 values evaluated for the tests performed setting the flux rate below 0.060 cm3s-1cm-2 
are larger than 1 and the tmeasure are systematically smaller than the tmodel, as can also be 
observed from Figure 12. The data reported in the Table 6 and pictured in Figure 12 suggest 
that the model well predicts the He retention times when the flux rate of the gas was higher 
than 0.066 cm
3
s
-1
cm
-2
. The differences between the model computations and experimental 
data observed at lower flux rate increase as the diffusion process becomes the main transport 
process acting within the system.  
 
Discussion 
Laboratory experiments have been performed to check the reliability of the theoretical model 
describing the concentration transient of the gas species through the porous media and define 
the limits of its validity. The laboratory experiments allowed measuring the retention times 
according to equation [20]. 
The experimental data show that the retention times measured with pure CO2 agree with the 
model predictions in the full range of the flux rates investigated. The observed differences 
using the MGM standard could be explained through compositional effects modifying the 
retention times of the species. Compositional effects reported in the literature as solvent effect 
(Dietz, 1996) are known to produces the shifting of the retention times in chromatographic 
applications. 
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Interesting differences have been observed between the retention times measured for the 
lighter gas species investigated (He and H2) and the model predictions. The tests results 
showed that setting the flux rate below 0.066 cm
3
s
-1
cm
-2
, both the He and H2 retention times 
are systematically lower than the model predictions, while data agreement has been observed 
above the flux rate of 0.066 cm
3
s
-1
cm
-2
 for all the species investigated. 
According to equation [20], the role of the diffusion in the gas transport process becomes 
larger as the flux rate decreases. Since the larger deviation of the experimental data from the 
model computation have been observed in the range of the lower flux rate investigated, the 
diffusion process seems to be the main responsible of the higher mobility of both H2 and He 
species. The experimental results suggest that the diffusion process play an important role in 
the transport of the gases within the porous media and the high diffusivity of the lighter 
species could explain the observed differences between the He and H2 retention times and the 
model predictions. The data suggest that the high diffusivity sharply reduces the retention 
times of the lighter species in comparison to the model computation.  
One of the main goals of this thesis has been the study of the delay between the variations of 
both the H2 and CO2 concentrations measured with the H2-CO2 experimental system in the 
gas emitted from volcanic areas. This purpose requires the accurate knowledge of the actual 
retention times of both gas species.  
The relationships between the retention time of CO2 and the chemical compositions of the 
mixtures suggest that the model well explain the transient of the CO2 concentration in the 
CO2-rich gas emissions. Therefore, the calculated CO2 retention times well reproduce the 
observed one.  
Differently from the CO2, the experimental data indicate that the retention times of the H2 
species agree with the model predictions until the H2 concentration was below 100 ppm vol. 
in CO2-rich mixtures.  
The deviations of the H2 retention times from the model predictions must be exactly verified 
by performing flux tests with pure H2. However, the diffusivities features of the He are 
comparable to the H2 ones and the results of the tests carried out with pure He can be used to 
evaluate the deviations of the measured retention times for H2 species from the model 
computations. 
The differences between the He experimental results and the model predictions can be 
computed considering the ratio between the measured retention time (tmeasure) and the 
corresponding values obtained by equation [20] (tmodel).  
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Figure 13 The relation between the tmeasure/tmodel ratios according to the flux rate of the mixture. The 
fitting curve obtained from nonlinear regression is also showed (R
2
 = 0.995). 
 
The ratios are reported in Figure 13 showing that the tmeasure/tmodel ratio increases according to 
the flux rate within the column. The Figure 13 also shows the fitting curve of the tmeasure/tmodel 
ratios described by 
(tmeasure/tmodel) = 0.3157 + 0.6739 · (1-exp(-15.2934 · v))   [33] 
Since the diffusivity features of the He are comparable to the H2 ones, the tmeasure/tmodel ratio 
obtained from He experimental results could be revealing of the tmeasure/tmodel ratio of the 
lighter species, including H2. As mentioned before, the tmeasure/tmodel ratio provides the size of 
the difference between the experimental data from the model prediction for each tested flux 
rate. Therefore, the fitting curve computed by equation [33] provides a measure of the 
deviations of the retention times of the lighter species from the model predictions according to 
the full range of the flux rate investigated. 
The use of the tmeasure/tmodel ratios obtained from the He tests, combined with the retention 
times predicted by the model for H2 species, provides an experimental curve which represents 
the computed H2 retention times according to the deviation of the lighter species from the 
model predictions. This curve can be computed multiplying the retention times predicted by 
equation [20] for the H2 species to the tmeasure/tmodel ratio computed by equation [33] according 
to the distinct flux rates (v). 
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Figure 14 The test results for the H2 species obtained using MGM laboratory standard to produce the 
flux into the column. Black line represents the curve computed according to equation [20], while the 
red diamonds show the retention times experimentally measured for H2 species. The time error bars 
are computed taking into account the error made in the flux rate measurements. The green dashed 
curve represents the average H2 retention times experimentally obtained according to the average 
deviation of the lighter species from the model predictions. 
 
The green dashed line reported in Figure 14 shows the experimental relationship between the 
retention time and the flux rate for the H2 species. The black curve has been computed 
according to equation [20] for H2 species, while the red diamonds indicate the H2 retention 
times experimentally measurement by the MGM-tests.  
The figure 14 shows the agreement between both curves in the range of higher flux rates and 
the divergence as the flux rate decreases. As mentioned above, the experimental H2 retention 
times agree with the model computations above the 0.066 cm
3
s
-1
cm
-2
. Within the range of the 
flux rate below 0.060 cm
3
s
-1
cm
-2
, the H2 retention times measured by the MGM-tests move 
away from the theoretical curve (black curve) towards the experimental one (green dashed 
curve) suggesting that the retention times of the H2 species, with the H2 concentration of the 
mixture above 100 ppm vol., may be lower than the model predictions (an average about 
25%). These wide differences in the retention times of the lighter gas species must be 
accounted in the computation of the delay between the concentration transients of different 
chemical species.  
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In comparison to both the theoretical model and the data acquired through the laboratory 
experiments, the variations of the chemical composition of the mixture released from the gas 
reservoir can be recorded with a delay between the concentration transients of each species 
making the mixture. A simple mechanism producing the delay can be briefly depicted as 
follow:  
 The variation of the chemical composition of the mixture released from a gas reservoir 
produces a composition wave moving towards the surface through the porous medium. 
  According to the diffusivity features of each single gas species, the composition wave 
splits in several concentration waves producing the transients of the concentration of 
each gas species making the mixture. This separation in concentration waves can be 
conceived like the separation process occurring within the chromatographic columns. 
 Each concentration waves reaches the surface according to the proper retention time 
within the porous medium, depending on the distance between the reservoir and the 
surface (δ), the flux rate (v) and the effective diffusion of the considered species (D). 
 The chromatographic separation of the mixture released from the reservoir in its own 
components will be recorded through the monitoring of the gas released from the 
surface through asynchronous variations of the concentration of different gas species. 
Summarising, the theoretical model proposed in this thesis describes the chemical 
composition transients on the basis of the transport processes of a single gas species through 
semi-infinite porous media. The concentration integral equation has been obtained combining 
the equation of continuity with the advective-diffusion equation. The solution of the 
differential equation has been obtained applying the integral method to the flux problem, an 
approximate analytic method for the solution of the differential equations that has been 
successfully applied to the solution of the heat conduction (Ozisik, 1980; Mohamed 1993) as 
well as the fluid problem into the fractured rocks (Wu and Puess, 2000). The obtained 
solution shows mathematically that the retention time of the gas species within the porous 
medium is rightly dependent from the distance between the reservoir and the surface. At the 
same time it is inversely correlated to both the advective flux rate and the diffusion coefficient 
of the chemical species. Our model is formulated for single chemical species, each species of 
multicomponent systems following the proposed equation [20]. 
Our theoretical model has been experimentally checked through the simulation of the gas flux 
within the column filled with pyroclastic sand.  
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The test results showed that the experimental data obtained by using the CO2 as a single 
component flowing within the column reproduce the model computations in the full range of 
the flux rate investigated.  
Several tests have been done in order to check the reliability of the model in the prediction of 
the retention times of the typical gas species making the multicomponent mixtures emitted 
from fumaroles and soils of volcanic areas. The experimental results showed differences 
between the model computations and the retention times of the lighter gas species as the H2 in 
multicomponent system. Moderate difference has been observed when the compositional 
effects of the mixtures flowing within the column produce sharp change of the diffusive 
features of the chemical species, because in our computation have been used the binary 
diffusion coefficients. A set of dedicated tests, aimed to check the relationships between the 
mixture composition and the retention times, indicated that the model agree with the 
experimental observations when the CO2 is the main component of the mixture and the H2 the 
minor one in terms of abundance. The compositional conditions described before agree with 
the typical chemical compositions of the gas emitted from fumaroles and soils of volcanic 
areas. 
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CONCLUSIONS 
The relationships between the temporal variations of the chemical composition of volcanic 
gases emitted from soils and the dynamics occurring in underground magma has been 
investigated in this thesis. 
In order to shed light these connections, a theoretical model has been formulated, developed 
and proposed as a tool explaining the asynchronous concentration transients for different gas 
species observed in the emission from crater areas of active volcanoes . The model, describing 
the chemical composition transients of the fumarolic gases as well as the soils gases of 
volcanic, geothermal and seismic areas, has been also experimentally validated. Moreover, a 
pioneer system for H2 concentration (hydrogen fuel cell-based detector) and CO2 flux 
measurements (Gascard II-based detector) has been designed, tested in laboratory and used 
for H2 and CO2 continuous monitoring on Mount Etna and Stromboli volcanoes. 
The rigorous laboratory qualification procedure aimed to tune the RewPower Hydrogen Fuel 
Cell as H2 detector indicated that the best setting conditions among resolution, response time 
and linearity of the signal output are obtained by using a 500 ohm resistor applied to the 
electric circuit of the sensor. The results of the qualification procedure indicated that the H2 
detector has sensitivity 0.2 mV per ppm vol. of H2, resolution of ~10 ppm vol., accuracy of ± 
5 ppm vol and response time below 300 seconds. The tests, repeated in different atmospheric 
pressure and room temperature conditions, indicated that the cross sensitivity effects made by 
variations of the working conditions are lesser than 10% of the H2 concentration read by the 
sensor. 
Several tests aimed to check the cross-sensitivities effects on the H2 sensor, have been 
performed changing the H2 dilution matrix as well as by using several reducing gas species 
typical of volcanic and geothermal emissions (CH4, CO and H2S besides H2). The results 
achieved through these latter tests indicated that the largest cross sensitivity effects on H2 
concentration measurements have been produced by H2S-containing mixtures, owing to the 
sulphur oxidation, that causes a four times larger sensitivity per equivalent concentration of 
H2. The field-testing activity performed at Solfatara di Pozzuoli indicated that the use of H2S 
chemical traps Pb(CH3COO)2-based effectively prevent in field applications the H2S cross 
sensitivity effect verified by the laboratory experiments. 
Beside the H2S, the cross-sensitivity effects produced by changing the dilution matrix (N2, O2 
and CO2) as well as the other reducing species (CH4, CO) typical of volcanic and geothermal 
emissions are smaller than 10% of the H2 concentration measured by the sensor. The results 
of the rigorous laboratory tests supported the use of the RewPower Fuel Cell within the 
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system designed for H2 monitoring in low temperature fumarolic emissions as well as in soil 
gases of volcanic, geothermal and seismically active areas. 
The first preliminary investigations, made by using our H2-CO2 experimental system, have 
been performed at Torre del Filosofo, a fumarolic field placed close to the south-east crater of 
Mount Etna volcano, throughout the summer of 2008. Although the data set is too restricted 
to straight correlate the variations of the fumarolic degassing with the magmatic dynamics 
occurring within the Etna’s feeding system, the changes of H2 concentration and CO2 flux are 
fairly well time-correlated with the main changes of Etna’s 2008 eruptive activity. Moreover, 
the field experience performed at Torre del Filosofo can be considered fruitful also because 
H2 and CO2 anomalies were asynchronous, with delays ranging from a few hours to several 
days, providing the first field verification of this interesting behaviour exhibited by both the 
H2 and CO2 signals. 
Since May 2010, the H2-CO2 system has been used to perform the measurements at 
Belvedere, a different fumarolic field sited close to the south-east crater cone of Mount Etna. 
The episodic variations of degassing activity observed at Belvedere showed some broad 
temporal correlations with the changes of volcanic activity occurred from the central craters 
of the volcano. Our results showed that throughout the monitoring period at Belvedere, the 
fumarolic degassing has been characterized by long-term steadiness value of H2 signal at the 
typical background concentrations measured within the Belvedere fumarolic gases. Since the 
13 August 2010, about two weeks before the Bocca Nuova unrest (25 August 2010), have 
been recorded several broad and sudden variations of H2 concentration, larger than one size-
order in comparison to the background. These variations are consistent with the increased 
amount of reduced species within the gaseous mixtures emitted from Belvedere fumarolic 
field, suggesting the more reducing conditions of the magmatic sources. Moreover, the 
persistent increasing trend of CO2 flux observed from the end of May 2010 involves the 
increased contribution of deep-seated gases. This agreement between both parameters is 
consistent with the degassing of a relatively reduced and gas-richer magma batch, occurred 
since before the 25 August 2010 unrest from Bocca Nuova crater, whose effects have been 
recorded also from Belvedere fumarolic field. 
The continuous monitoring of fumarolic degassing performed on Mount Etna volcano lets 
highlighting some characteristic features of the H2 and CO2 parameters. In particular, the main 
events of anomalous H2 releases are characterized by a typical “pulsating”, spike-like pattern 
within the time series, while the CO2 flux increases are often characterized by long-term 
trend. Furthermore, it has been noted that the sharp CO2 flux increase, culminated during the 
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unrest from Bocca Nuova crater, started the 21 August 2010, after the beginning of 
anomalous H2 releases, providing further evidences that the typical sound between anomalous 
H2 releases and CO2 flux increases is the delay, ranging from a few hours to several days. 
Since the comparison between the measurements performed in different volcanic system 
represents a step need forward the development of reliable tools to monitor the volcanic 
activity, the H2-CO2 system has been used to study the degassing activity also on Stromboli 
volcano. 
The analysis of the data set obtained by the continuous monitoring performed on this volcano, 
made through the degassing model of Stromboli volcanic system, enabled better 
understanding the connections between the fumarolic degassing and its typical time-changing 
volcanic activity. 
Synchronous CO2 flux increases from both measurement site (PSF-a and PSF-b) have been 
recorded before or just after major explosion and paroxysmal activity. This evidence 
supported the inference that the increases of the gas contribution provided by the deep 
degassing source produced the increases of CO2 amounts rising through the fractures of the 
volcano edifice and finally sustained large CO2 emissions from the fumarolic field. These 
CO2 flux increases, spatially extended to a larger part of the top area of the volcano, in 
comparison to the degassing surface actives throughout the typical strombolian activity, can 
be thought as the enlargement of the fumarolic degassing along SW direction. 
Several persistent long-term increases of CO2 flux mainly observed at PSF-a site (CO2 H.F.) 
have been recorded throughout the routine strombolian activity, without noticeable 
synchronous CO2 flux variations at PSF-b site. Geochemical, volcanological and geophysical 
studies indicated that the routine Stromboli’s activity is sustained through continuous magma 
overturning triggered by the sink of degassed volatile-poor HP magma which in turn enables 
the ascent of less dense volatile-rich LP magma. The increased amount of gas released from 
the deep source of magma provides large amount of gas feeding the fumarolic degassing, 
suggesting that the long-term increases of CO2 flux observed at PSF-a site may indicate the 
increased rate of volatile-rich magma or gas sustaining the routine strombolian explosions. 
The transition from LP volatile-rich to HP volatile-poor magma suggested that large amounts 
of H2 can be released by water dissociation reaction at high temperature throughout the 
routine strombolian activity, producing the hydrogen front fast moving toward the surface. 
Therefore, the change of the rate of magma and/or CO2-rich gas supply from depth implies 
variable amounts of H2 released through the dehydration process triggering the transition from 
LP to HP magma. In this framework, can be inferred that the steadiness H2 background of 
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PSF-a emissions can reflect the typical H2 concentration within the gas emitted in accordance 
with the routine average strombolian activity triggering the steady rate of magma/gas supply 
to the shallow plumbing system. On the other hand, the long-term H2 increases affected by 
several spike-like variations can reflect the increased rate of magma supply to the volcano 
plumbing system, producing the period of high average activity as well as before or just after 
major explosions and paroxysmal activity. These conditions can persist until the rate of 
magma supply is sufficiently low that the magma ascents following open system conditions. 
Highest ascent rate, following closed system conditions, implies that the magma rises without 
water loss up to close the surface and the large part of water is emitted together with the 
magma as LP golden pumice. 
Beside the evidence exhibited by the continuous monitoring on Mount Etna, the results of the 
data analysis obtained by the continuous monitoring performed on Stromboli provided further 
verification of the typical behaviour of both H2 and CO2 parameters. In particular: 
 the pulsing features of H2 releases evidenced by spike-like variations within the time 
series. In general, these variations are size-order larger than the diurnal change of H2 
concentration typically in the range of a few ppm vol.; 
 the evidence that CO2 flux variations occurred systematically behind the H2 
concentration one, with delays ranging from a few hours, to several days up to weeks. 
The evidences that both fumarolic field of Mount Etna displayed systematically asynchronous 
variations of H2 and CO2 signals suggest the independency of this characteristic from specific 
site effects. Therefore, the continuous monitoring results obtained on both Mount Etna and 
Stromboli volcanoes strongly suggest that the asynchronous variations are independent from 
the specific monitored volcanic system, instead being a typical behaviour of the monitored 
parameters. These evidences drove the formulation of the theoretical model describing the 
chemical composition transients within the fumarolic gases according to both advective and 
diffusive transport processes of single gas species through the porous media. The 
mathematical solution of the model provided the time elapsing since the beginning of the 
chemical disturbance of the mixture filling the pores of the medium by the reservoir and its 
identification from the surface (named retention time). The development of the model 
provided that the retention times of each specific gas species had inverse correlation with both 
the advective flux rate and the diffusion coefficient, being directly correlated with the distance 
between the reservoir and the surface. Therefore, keeping constant the geometrical feature of 
the system (depth of the reservoir) and the flux properties of the medium (porosity and 
permeability), the delay between the transient affecting different species depends from its own 
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specific diffusivity. In other words, the solution of the model assess that although the 
advective flux is the most efficient process throughout the mass transport of multicomponent 
mixtures, the diffusive one operates simultaneously towards the separation of the gas mixture 
in its own components, in agreements with the diffusive velocity of the different gas species. 
This separation process made by the different diffusion properties can explain the 
chromatographic effect observed by the H2 and CO2 monitoring in field experiences. 
As mentioned before, the model has been experimentally validated through laboratory flux 
tests investigating a range of flux rates larger than the typical one observed in fumarolic as 
well as diffuse degassing activity. 
The results of the tests aimed to check experimentally the theoretical predictions provided the 
evidence that the retention times measured by using CO2 as a single flux component 
reproduce the model computations in the full range of the gas flux rate investigated.  
Beside the CO2, the model has been checked to compare both predicted and measured 
retention times of the typical gas species making the multicomponent fumarolic mixtures as 
well as soil gases of volcanic and geothermal areas.  
The experimental results displayed differences between the model computations and the 
measured retention times of the lighter gas species as the H2 in multicomponent mixtures. 
Differences have been observed between model and experimental retention times when the 
compositional effects of the mixtures flowing within the column produce noticeable variations 
of the diffusive coefficients of the chemical species. Indeed, in the computation of the 
modelled retention times were used the binary diffusion coefficients. From experimental 
standpoint, the large difference between the binary and the multicomponent diffusion 
coefficients of the gas species occurs when the mixture contains different species with large 
difference in the molecular weight as in the case of H2 and CO2. The results of the tests aimed 
to check the relationships between the compositional effects of the mixtures and the retention 
times of the chemicals indicated that the model agree fairly well with the experimental 
observations when the CO2 is the main component of the mixture and the H2 the minor one in 
terms of abundance. In particular, the model predictions agree with the experimental results 
when the H2 concentration within the multicomponent mixture is below 100 ppm vol. and the 
CO2 concentration above the 40 vol %. This compositional range include fairly well the 
typical compositions of fumarolic gases as well as the composition of the soil gases emitted 
from volcanic, geothermal and seismic areas. 
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APPENDIX 1 
 
Historical development of the fuel cells 
The fuel cells are a group of innovative devices employed for the diffuse production of the 
electric energy likewise the commercial batteries. Furthermore, the working principle is 
different and for the electric energy production they use a fuel likewise the power engines. 
During the last century, the technology of the fuel cells has been improved with the goal of a 
commercial use for a diffuse electric energy production. From the pioneering experiment in 
the XIX century of Grove that developed the first “gas battery” (Cook, 2002) and those of 
Schönbein about the “fuel cell effect”, the fuel cells were employed whether into unit power 
systems, in which take place the chemical reaction, or assembled into stakes where a numbers 
of the individual cells are modularly combined together in units with the desired output 
power. 
It is during the thirties of the twenty century that Thomas F. Bacon developed the first ready 
to use fuel cell based on the hydrogen and oxygen reaction (Andu´jar and Segura, 2009) to 
produce an electric current. His studies were considered such as a milestone in the progression 
of the fuel cell technologies. The advance in the technology of the Bacon’s fuel cells, in terms 
power density, allowed their use also in the Apollo Spacecraft missions, despite their high 
cost. Actually, for space applications the fuel cells showed several advantages. Among the 
most relevant ones, the fact that they produce much more energy per equivalent of unit weight 
compared to a battery power source and moreover the fuel cells are clean at the same time, 
given that the pure water is the product of the electrochemical reaction of hydrogen and 
oxygen. 
The experiments performed by researchers and engineers were focused into the optimization 
of construction cost through the development of non-expensive electrodes, high conductivity 
membranes and high density power of the cell. 
A strong impact on the fuel cell production technology has been provided in the second half 
part of the twenty century, by the availability of the PolyTeraFluoroEthylene (Teflon or 
PTFE) used as basic material to build aqueous electrolyte fuel cell. The main advantage of the 
Teflon membrane is the longer lifetime due to its chemical resistance, especially close to the 
acidic environment of the fuel cell electrodes. 
During those decades, with the further progress made by the chemical division of the General 
Electric, the fuel cells were successful employed by NASA and McDonnell Aircraft the fuel 
cells employed during the Gemini space program.  
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However, for this device, the proton exchange properties of the membranes were still poor. In 
order to improve both the transport properties of the proton exchange membranes combined to 
the mechanical resistance ones, the major development was achieved in the sixty decade, 
thanks to the joint of General Electric and Dupont Company. The most important outcome of 
this research was the use of the perfluorosulfonic acid as proton exchange membrane. The 
product developed is known as Nafion® and used everywhere as solid polymeric electrolyte 
in the Proton Exchange Membrane Fuel Cells (PEMFC). This membrane was used for a 
widespread range of fuel cells for terrestrial applications.  
The proton exchange membranes appear just at once one of the most promising technologies 
to overcome both the decrease of the availability of hydrocarbons as well the air pollution. 
Nevertheless, a great limitation of the PEMFC was the relative large amount of platinum 
required as a catalyst on the electrodes. To overcome this limitation, the research was 
addressed on the reduction of the electrocatalyst amount of the membrane electrode 
assemblage (MEA). Several studies carried out by the Los Alamos National laboratory 
demonstrated that the reduction of the Platinum fraction of the electrode, is not affecting the 
current density and the output voltage, provided that the surface area of the electrocatalyst is 
wide enough (Stone and Morrison, 2002).  
Due to these improvements, during last years it was recognized that the fuel cells could be 
made both smaller and cheaper enough to replace the conventional power supplies.  
Several industries are working to develop the systems to use the hydrogen as energy vector 
for the energy produced by wind or sun. Recently, the OriginOil, Inc. announces the H2 
production from algae. 
The PEM fuel cells are currently regarded as the possible energy-conversion device because 
their high efficiency, high cleaning device with low volume and weight compared to the 
conventional energy storage devices. Fuel cells are so promising that nowadays automotive 
companies were producing testing vehicles and developing special car models using the fuel 
cells instead of the combustion engines. Some of them are also looking for the development 
of the hydrogen distribution grid as well. 
The distributed power generation is the strategy of both heat and electric energy production 
close to the customer, a combination known as “cogeneration”. Distributed power plant has 
several advantages over the centralized one, such as the high efficiency, the ability to quickly 
build up the power system in remote location or in developing nations as well without the 
need of an electrical grid, greatly reducing the cost of energy distribution. Moreover, in case 
of electrical production failure the excess of energy produced by distributed power plant could 
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be put into the grid resulting in an additional power supply. Both the ability to produce fuel 
cells stacks of required output associated to the possible storage of moderate hydrogen 
amount improve the strategy of the distributed power generation. 
Several industries developed fuel cell systems providing both electricity and heat of the single 
families. However, they are able to supply almost the total electric and heat demand of a 
family housing in a modern-day home, reducing its dependence from the power distribution 
network. 
In recent years, the industries involved in the fuel cell business developed fuel cell power 
supply for portable application such as laptop computer and mobile phone as well as for the 
replacement of hydrocarbon-engine power generator.  
The main advantages of the fuel cell based portable power supply are due to the absence of 
moving part such as pumps or fans that makes quite silent their operation and the lighter and 
smaller volume in comparison to the usual battery power supply. 
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APPENDIX 2 
 
Volcanic activity of the Mount Etna volcano since the end of 2006 eruption 
In this section we summarize the volcanic activity displayed throughout the last years. The 
short summarization of the volcanic activity occurred at Mount Etna volcano since the end of 
the 2006 eruptive activity has been performed through the bulletins published on-line on the 
website of Catania division of the Istituto Nazionale di Geofisica e Vulcanologia (INGV-CT) 
http: www.ct.ingv.it. 
The time period investigated has been divided in three main time intervals: 
 The 2006-2008 period, 
 The 2008-2009 eruption and 
 The 2009-2010 period. 
 
The 2006 - 2008 period  
Since the end of the 2006 eruption, the volcanic activity developed mainly at the summit 
craters of the Etna volcano. The Bocca Nuova (BN) Crater and South-East Crater (SEC) have 
been the most active ones.  
During this period, the first relevant eruptive event occurred the 29 March 2007 since a lava 
flow started from the BN crater and strombolian activity occurred at the SEC. While the BN 
crater subsequently showed passive degassing, the SEC remains fairly active until the end of 
May 2007 showing discontinuous eruptive activity mainly represented by strombolian 
explosions. The strombolian activity occurred remarkably the 11 April 2007, the 29 April 
2007, the 7 April 2007 and the 23 May 2007 again at the SEC. 
Since the end of May 2007 until the second half of august 2007, Etna volcano showed few 
weeks of passive degassing activity from the summit craters. Subsequently, the volcanic 
activity enhanced at the SEC through ash emissions and strombolian explosions. The activity 
climax was reached the 4 September 2007 when lava fountains were emitted from the 
eruptive fissure opened at the eastern base of the SEC. The high intensity eruptive activity 
lasted about 12 hours, showing fairly constant features during all the periods and producing 
lava fountains several hundred meters tall. 
The eruptive strombolian activity occurred discontinuously at the SEC through all the autumn 
2007 until the late winter 2008. During this period, the most remarkable strombolian activity 
events occurred the 9 and 10 January 2008 and started again the 7 February 2008 lasting for 
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the three next days. Since the 11 February 2008, Mount Etna volcano showed passive 
degassing from the summit craters persisting until the 21 April 2008 when strong and 
discontinuous explosive activity occurred again at the SEC. This eruptive event has been 
characterized by strombolian explosions progressively decreasing in intensity and frequency 
during the following days. 
 
The 2008 - 2009 eruption 
The largest volcanic event occurred during our observation period at Mount Etna volcano was 
the 2008-2009 eruption. In fact, the 2008-2009 eruption was preceded from the paroxistic 
event of the 10 May 2008 originating a lava flow from eruptive vent located at the base of the 
SEC, fast moving toward the Valle del Bove along ESE direction. 
The 2008-2009 eruption started the 13 May with strombolian explosions, lava spatters and ash 
emissions occurring from the eruptive fracture opened the 4 September 2007 in the upper part 
of the Valle del Bove at about 2700 – 2900 meters a.s.l. having ENE-WSW direction. During 
the initial stages, the eruptive activity involved also the summit areas where ash emissions 
occurred from the pit-crater located at the base of the SEC. 
Since the 14 May, a few hours later the beginning of the eruption, the eruptive scenario 
changed suddenly from explosive to effusive activity and two lava flows started to move 
along the eastern flank of the volcano edifice. One of them having high moving capability 
attains rapidly the 1200 m a.s.l. into the Valle del Bove, while the second attains the 1400 m 
a.s.l showing further moving incapability. A few days later, the eruptive activity underwent a 
sharply decrease reducing the magma emission rate from the eruptive fissure. As a result, the 
scarcely fed lava flows moved slowly, remaining contained in the upper part of the Valle del 
Bove. This eruptive scenario lasted a few weeks in a fairly constant way and until the first 
days of June the lava flows appeared moving back into the Valle del Bove. 
Since the 8 June, Etna volcano showed a sudden renewal of the eruptive activity displaying 
strombolian explosions from the eruptive vent migrating 100 meters toward the summit area 
of the Valle del Bove. The enhancing magma emission rate allowed the lava flows attaining 
the 1400 m a.s.l. in a few hours from the beginning of the paroxistic activity, though showing 
incapability to moving further. The increase in the eruptive activity involved also the summit 
craters displaying high degassing mainly from the NEC and BN, while the SEC and VOR 
showed blocked floor and degassing from the fumaroles of the crater walls.  
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Figure A-1 The highest vent opened along the eruptive fracture activated during the 2008-2009 
eruption. The picture was taken during the survey performed the 22 July 2008. On the background, is 
showed the northern rim of the Valle del Bove  
 
During the month of June a copious degassing activity continued from the summit craters 
located mainly at the North-East Crater (NEC) and the BN crater. In the first time, the 
Voragine (VOR) and SEC showed weak degassing activity from the crater walls fumaroles, 
while since the 2 July 2008 a true plume formed at the SEC. Since then and through the few 
weeks later, the eruptive activity became generally discontinuous.  
The frequency and intensity of the strombolian explosions occurring from the vents of the 
eruptive fracture decreased. As a consequence of the decreasing of the magma emission rate, 
the lava flows remained limited in the upper part of the Valle del Bove. Also the volcanic 
activity occurring at the summit craters seemed to go through a general declining phase, since 
the passive degassing occurred at NEC and BN, while the SEC showed only degassing from 
the crater rim fumaroles. The volcanic activity remained fairly constant through all the 
summer 2008 resulting a powerful attraction for thousands people climbing the volcano. 
Already the end of August 2008, Etna volcano showed weak eruptive activity mainly focused 
along the highest part of the fracture activated since the 13 May. The decreasing magma 
emission rate allowed the formation of lava-tunnels a few hundred meters long. The short lava 
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flows moved from the vents located at the end of lava-tunnels and partly overlapping one 
another, making fun-shaped accumulation. 
The eruptive activity remained fairly constant during the autumn and winter 2008, featured by 
low magma emission rate. Nevertheless, the sustained and progressive superimposing of the 
lava flows allowed the formation of a mega-tumulus greatly changing the morphology of the 
eastern slope of the volcano edifice. At the same time, the weak passive degassing occurred 
from the BN, while at SEC the degassing activity occurred from the crater rim fumaroles.  
The 8 March 2009 the eruptive activity enhanced at the Etna volcano becoming mainly 
located in the summit areas. Strombolian explosions associated to ash emissions occurred at 
the highest vent located along the eruptive fracture opened the 13 May 2008 at 2700-2900 m 
a.s.l., while passive degassing occurred at the NEC and BN. Among the four summit craters, 
the SEC was the less active, showing only degassing activity from the crater rim fumaroles. 
The magma emission persists at the eruptive fracture of the eastern flank of the volcano and 
the vents at the end of the lava-tunnel fed short lava flows partly overlapping the ancient ones. 
Since the spring of 2009, the Etna volcano goes toward progressive decreasing phases of the 
volcanic activity until the 6 July 2009 when a slight degassing activity occurred from the 
eruptive vents located in the upper part of the eruptive fracture, characterizing the end of 
2008-2009 eruption. 
Summarizing, the 2008-2009 eruption of the Mount Etna volcano showed paroxistic events 
characterized by strombolian explosions and ash emissions occurring between persisting 
effusive phases.  
Strombolian explosions, persisting a few hours, occurred mainly from the vents opened 
during the starting phase of the eruption at the eastern base of the SEC cone. Often the 
explosive activity emitting magma scoriae has been coupled with ash emissions.  
During the effusive phases, the magma emission rate has been generally low with a few short 
events of high emission rate generating lava flows fast reaching the middle part of the volcano 
edifice (from 1400 to 1200 meters a.s.l.).  
Most of the lava-field formed during the first weeks of the eruption, and the most recent lava 
flows progressively overlapped the ancient ones, allowing the formation of a fun-shaped 
mega-tumulus changing the morphology of the upper part of the Valle del Bove. 
During all the 2008-2009 eruption, the volcanic activity occurred at the summit craters has 
been characterized by passive degassing mainly located at the BN and NEC, while the 
degassing activity at VOR and SEC occurred from the fumaroles of crater rims. It is also 
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being to note that the SEC showed wide range of activity variations, being the most active 
during the paroxistic phases. 
The 2009-2010 period  
Since the end of 2008 - 2009 eruption, the volcanic activity of the Etna volcano has been 
characterized mainly by passive degassing from the summit craters.  
Throughout this period, the degassing activity showed appreciable variability among the four 
craters, since the NEC has been the most active one, while high intensity of degassing 
occurred discontinuously at the BN and the VOR. During the first weeks after the end of the 
2008-2009 eruption, SEC showed degassing activity mainly located at the fumaroles of the 
crater rim. This weak degassing activity lasted throughout the summer and the autumn, while 
since the 6 November 2009 the INGV cameras recorded flashes produced by high temperature 
gas emissions from the pit-crater opened the 4 September 2007 at base of the SEC cone. The 
high temperature degassing activity continued during all the subsequent weeks, sometimes 
with blue-colored emissions, making fairly continuously white-hot the rim of meter-sized vent 
of the pit-crater. The degassing activity at the SEC pit-crater has been interrupted abruptly by 
the explosive sequence occurred the 8 April 2010. The explosive activity located at the SEC 
pit-crater was short-lasting; only 10 minutes long during which strongly energetic explosions 
made a dark ash-plume suddenly dispersed from the wind toward the eastern flank of the 
volcano edifice. This short-lasting explosive event sharply changed the morphology of the pit-
crater becoming both widest and deepest with sub-vertical walls. 
The degassing activity from the pit-crater became colder than observed since the 6 November 
2009 and the flame produced by gaseous emission ends its flash. At the same time, the 
persistent passive degassing activity occurred from BN, VOR and NEC. 
During the subsequent weeks the passive degassing activity at the summit craters represented 
the dominant features of the volcanic activity. The degassing occurred from all the four 
summit craters, displaying an appreciable variability mainly at the pit-crater of the SEC cone. 
About other craters, is to be noted that the 5 July 2010 a pressurized gas emission occurred 
from the BN crater. Since then, the degassing activity occurred at the BN from the floor of the 
crater and from the fumaroles of the walls. Similarly, the degassing activity occurred from the 
wall of the VOR, while most intense degassing activity occurred from the floor of the NEC. 
Explosive activity occurred at BN crater during the last week of August 2010. The main event 
of the 25 August at 13.09, producing ash emission containing fresh products, has been 
associated to about other 20 events until the 29 August 2010. Before this sequence, the last 
eruptive activity involving the BN crater occurred the 12 January 2006. 
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APPENDIX 3 
 
Definition of the parameters used for the data correlation 
 
Pearson’s coefficient (r) 
The Pearson correlation coefficient is widely used as a measure of the correlation between 
two variables giving a value between -1 and +1 inclusive. Correlations equal to 1 or -1 
correspond to data points lying exactly on a line, while value of 0 implies that there is no 
linear correlation between the variables. 
The Pearson's correlation coefficient between the two variables x and y is defined as the 
covariance of the two variables divided by the product of their standard deviations 
,
[( )( )cov( , ) x y
x y
x y x y
E x yx y  

   
 
 
 
were ρx and ρy are the standard deviation of x and y variables respectively; ρx,y gives the 
population correlation coefficient commonly represented by the greek letter ρ. 
The sample correlation coefficient commonly denoted with the r is: 
 _ _
1
_ _
2 2
1 1
( )( )
( ) ( )
n
i i
i
n n
i i
i i
x x y y
r
x x y y

 
 

 

 
 
Based on a sample of paired data (xi, yi), the sample Pearson correlation coefficient is 
 _ _
1
1
1
n
x
i i
i y
x y
r
n s s
x y

   
    
   
    

 
where 
n, 
_
x , 
 _
i
X
x x
s

 and xs  
are the number of data, the sample mean, the sample standard deviation and the standard score 
respectively. The last parameter is a dimensionless quantity representing the distance between 
the datum and the population mean in units of the standard deviation. The standard score has 
positive value when the datum is above the mean, negative when below. 
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Coefficient of correlation (R
2
) 
The coefficient of correlation, R
2
 is used in the context of statistical models whose main 
purpose is the prediction of future outcomes on the basis of other related information. The R
2
 
coefficient represents the proportion of variability in the data set that is accounted for by the 
statistical model providing a measure of how well the future outcomes are likely to be 
predicted by the model. 
In the case of linear regression, R
2
 is the square of the sample correlation coefficient between 
the outcome and the values being used for prediction, changing between 0 and 1.  
The most general definition of the coefficient of correlation is 
2 1 err
tot
SS
R
SS
 
 
where (SSerr) is the residual sum of squares 
2( )err i i
i
SS y f 
 
and (SStot) is the total sum of square 
2( )tot i
i
SS y y 
 
In the last equation, the term y  is the mean of the observed data: 
1 n
i
i
y y
n
 
 
where yi is the observed value, having an associated modeled value fi. 
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APPENDIX 4 
 
Derivation of the coefficient of equation [15] 
In order to obtain the expression of the a, b and c coefficients of the equation [15] (C = a + 
bz+ cz
2
) we use the boundary condition expressed in the theoretical model (Chapter 4) and 
summarised as follow: 
C
D C J
z


  

 at  z = 0      [11] 
0
C
z



            [12] 
iC C            [13] 
For z = 0 and according to the equation [11] we have 
C=a + bz+ cz
2 
     and    C a      
and  
     Db a J   ;        
Therefore   
    
J Db
a


           [21] 
For z = δ, according to the condition [12] we have 
    2 0b c          
so that 
    2b c         [22] 
Moreover, from [13] we have 
   2iC a b c           
so that 
          
2
iC a bc


 
       [23] 
Substituting the equation [21] and [22] into the [23] we calculate the c term of the polynomial 
function 
2
1 ( 2 )
( 2 )i
J D c
c C c

 
 
  
    
 
 
from which we obtain that 
( 2 )
iJ Cc
D

 



        [24] 
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Substituting the obtained expression [24] into the equation [22], we obtain 
 2
( 2 )
iJ Cb
D


 
   
 
           [25] 
To obtain the a term of the equation [15], we replace the equation [25] into the equation [21], 
so that 
1
2
( 2 )
iJ Ca J D
D

 
  
    
  
  
and 
2
2
iJ DCa
D





       [26] 
Summarizing, 
2
2
iJ DCa
D





;   2
( 2 )
iJ Cb
D


 
   
 
;   
( 2 )
iJ Cc
D

 



. 
Therefore, the equation showing the relation between the concentration of the i
th
 species and 
the high inside the soil is 
22 2
2 ( 2 ) ( 2 )
i i iJ DC J C J CC z z
D D D
  
   
  
  
  
.    [16] 
Replacing the equation [16] into the integral sign of the [10] equation, we obtain: 
2
0 0
2
2
2 ( 2 ) ( 2 )
i i iJ DC J C J CCdz z z dz
D D D
 
  
   
   
   
   
   
or    
 
0
2 (3 ) )
3( 2 )
iC D J
Cdz
D
   

 


. 
From the equation [10] we have 
 2 (3 ) )
3( 2 )
i
i
C D J
C J C
t D 
  
 

  
    
  
     [27] 
so that 
   
2( )
3( 2 )
i
i
J C
C J
t D
 


  
    
  
.     [28] 
Since J, ν and Ci are constants, we can divide both [28] equation sides for (νCi – J) obtaining 
2
3
( 2 )t D


 
  
  
           [29] 
Solving equation [29] we obtain 
2 6 3 0Dt t           [30]
  
 
